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CHAPTER 1
Introduction
Aims of thesis
This thesis presents the results of geochemical and high 
pressure experimental investigations of high grade regional 
metamorphic and associated rocks.
A number of high grade regional metamorphic terranes 
from the Australian shield were studied with the following 
aims in mind:
(i) comparing the chemical compositions, with 
particular reference to K and certain trace elements, of 
upper amphibolite facies and granulite facies terranes,
(ii) establishing if certain trace elements are 
fractionated during high grade regional metamorphic 
processes,
(iii) defining trends in the abundances of a variety of 
elements with increasing depth in the continental crust,
(iv) studying the distribution of elements between 
coexisting feldspars from rocks of different metamorphic 
grades, and looking for element distributions that
1
2provide a measure of the temperatures of recrystalliza­
tion,
(v) determining the radiometric ages of the terranes, 
and considering the significance of the measured isotope 
ratios.
Samples from an extensive area of the Archaean rocks in 
the southwest portion of the Australian shield were analysed 
with the aims of:
(vi) determining the approximate average abundances of 
certain elements in this region,
(vii) studying the relation between measured heat flows 
and the average radioactive element concentrations in 
the surface rocks.
A granitic composition was subjected to elevated 
pressures and temperatures with the aims of:
(viii) establishing the mineral assemblages in acid to 
intermediate rocks crystallized at temperatures and 
pressures corresponding to granulite and eclogite 
facies conditions,
(ix) obtaining data relevant to the nature of the lower 
continental crust.
Discussion of aims
Aims (viii) and (ix) involved experimental runs on an 
artificial granitic glass at temperatures of 950°C and
31100°C, and pressures up to 36 kb. On the basis of this, and 
other experimental work on basaltic compositions (Green and 
Ringwood, 1967)* it is apparent that granulite facies terranes 
can be classified as low pressure, medium pressure, or high 
pressure, by the occurrence of certain critical mineral 
associations.
For aim (i) amphibolite facies rocks were collected 
from Cape Naturaliste, Eyre Peninsula, Musgrave Range, and 
the southwest Archaean shield (c.f. locality map, fig. 2, 
Chapter 4)* Low pressure granulite facies rocks were 
collected from Cape Naturaliste, Eyre Peninsula, east 
Kimberley, and are also widespread in the southwest shield. 
Medium and high pressure granulite facies rocks were collected 
from the Musgrave and Fraser Range regions. Major element 
analyses have been carried out for some representative rock 
types from Cape Naturaliste, Musgrave Range and Fraser Range, 
but the emphasis has been on the determination of K, U, Th,
Rb, Sr, Pb and Zr abundances in all the areas.
The approach employed in aim (ii) was to study element 
ratios in the rocks. Significant and consistent changes 
with metamorphic grade in the ratio of a trace element to the 
major element it most closely follows are probably indicative 
of relative fractionation of the elements. The trace 
elements studied were Rb, Sr, Ba, Pb, U and Th.
4Aim (iii) was an attempt to establish the vertical 
distribution of certain elements within the continental 
crust. The crustal model used in this work is discussed 
further at the end of Chapter 2, and again in Chapter 6; it 
is based on the widely accepted hypothesis that continents 
are largely modelled through orogenies (Wilson, 1952), where 
the intimately associated processes of regional metamorphism 
and partial melting act on geosynclinal and basement rocks.
It is considered that regional metamorphism in the lower 
crust typically forms anhydrous granulite facies assemblages. 
The experimental data of Green and Ringwood (1967) indicate 
that granulite facies assemblages should change to eclogite 
facies assemblages as the temperature falls after metamor­
phism. The medium to high pressure granulite facies terranes 
exposed at the surface must have been tectonically uplifted 
to high crustal levels (low pressure, low temperature 
regions) before the sluggish transformation toflclogite facies 
assemblages could occur. These granulite terranes represent 
the deepest crustal material so far recorded in any areal 
extent at the surface. Future detailed studies of the 
chemistries of critical minerals in felsic rocks may 
demonstrate that eclogite facies terranes are more common at 
the surface than is thought at present.
The metamorphic processes that result in the formation 
of medium to high pressure granulites modify the compositions
5of the original rocks. Elements are very mobile under these 
conditions, the original nature of the rocks is obscured, and 
it  will be demonstrated in this thesis that apart from the 
obvious loss of water, a number of other elements are 
depleted. This takes place at high temperatures and partial 
melting could play an important role in transporting 
elements upwards. In contrast, the formation of eclogite 
facies assemblages throughout the lower crust proposed by 
Green and Ringwood (o£. c i t♦), would generally take place in 
response to falling temperature, and must be a relatively 
passive process (i.e . no vapour or melt phases lost) that 
does not result in significant changes in rock chemistry.
I t is conceivable that a granulite facies-eclogite 
facies transformation does not occur in the lower crust 
because the reaction kinetics are unfavourable. But 
irrespective of whether granulite or eclogite facies 
assemblages, or both, are present in the lower crust, i t  
should be quite satisfactory to define trends in element 
abundances with increasing depth in the crust by comparing 
the chemistries of medium to high pressure granulite facies 
rocks with the chemistries of common shield rocks. There are 
no apparent reasons why the chemical trends should be 
reversed in the eclogite facies.
Aim (iv) involved the separation of coexisting alkali 
feldspars and plagioclases from upper amphibolite, low
6pressure granulite, and medium to high pressure granulite 
facies rocks. The partitionings of K, Na, Ca, Rb, Sr, Ba and 
Pb between the feldspars were investigated to see if chemical 
equilibrium was maintained during metamorphism, and to 
establish the relative temperatures of formation of the 
various metamorphic grades from considerations of temperature 
dependent element distributions. A small number of biotites 
and garnets were also separated and analysed for major and 
trace elements.
For aim (v), age determinations using the Rb-Sr 
technique were carried out in the areas studied here that had 
not been dated previously. The petrogenetic significance of 
the Sr^7/Sr^° ratios were also considered.
In aim (vi) the emphasis was on the average abundances 
of K, U, Th, Rb, Sr, Pb, Ba and Zr. The approximate average 
major element abundances for the Archaean shield were 
estimated from previously published analyses (Wilson, 1958).
Aim (vii) involved the relation between the average K,
U and Th contents of the surface rocks of the southwest 
shield and the measured heat flow. All the published heat 
flows from this part of the Australian shield were determined 
in low radioactivity greenstones (mining areas). On the 
basis of the survey carried out for this thesis, a locality 
was decided for a drill hole made specifically for heat flow
7measurement in felsic rocks, which are more typical of this 
region.
CHAPTER. 2
Experimental crystallization of acid rock 
at elevated temperatures and pressures
Introduction
This chapter is concerned with some experimental work 
aimed mainly at investigating the mineral assemblages in acid 
rocks at elevated pressures and temperatures corresponding to 
granulite and eclogite facies conditions. The investigations 
were done jointly by the author and Dr D.H. Green (A.N.U.). 
The results are published (Green and Lambert, 1965*). A 
number of changes have been made in the present discussion to 
bring the work up to date, including modification of the 
published pressures to allow for a 10^ friction correction 
recently discovered by Green ejfc al. (1966),
This author prepared the artifical granitic glass, 
carried out most of the experimental runs, examined the 
charges by X-ray and optical techniques, and compiled the
__
. A reprint is included in the pocket inside the back cover 
of this thesis.
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9first draft of the publication. Dr Green supervised the work, 
instructed the author in the use of the apparatus, did a 
small number of the experimental runs, and revised the 
manuscript.
Experimental method
The granitic composition selected for experimental study 
was that of the average adamellite of Nockolds (1954)* This 
composition was prepared from analytical reagent chemicals 
which were ground together, fused and quenched to a glass, 
and reground. Control of total Fe content and oxidation 
state of the mixture is difficult because of entry of Fe into 
the platinum tube during fusion. The glass was thus analysed 
for FeO and total Fe as Fe203 by A.J. Easton. The final 
mixture (Table l) is slightly richer in Fe2C>3 and poorer in 
FeO than Nockoldfs average adamellite. In the norm 
calculation and in our experiments this results in low 
orthopyroxene content.
A single-stage, solid-medium high-pressure apparatus of 
the type described by Boyd and England (1960a, b, 1963) was 
used. Pressures, corrected for 10^ friction (Green et al.. 
1966), are considered accurate to *5%» Temperatures were 
maintained within 5°C of the control point and are probably 
accurate to ±10°C (there may be a small, unknown pressure 
effect on the emf of the Pt/Pt-l(j[kh thermocouple).
10
The powdered adamellite glass was dried at 110°C and 
loaded into a Pt capsule with welded base. The open end was 
crimped, but not sealed by welding. The furnace assembly used 
is essentially the same as that described by Boyd and England 
(1963)> and all furnace parts except the outer talc cylinder 
were dried in an argon atmosphere at 1100°C for one hour and 
stored in a dessicator until use. The methods were adequate 
to ensure that no detectable hydrous phases formed in our 
experimental runs and that significant partial melting due to 
random access of water did not occur, except possibly in the 
2-1/4 kb, 950°C run. In one run at 31-1/2 kb, 950°C, in which 
a simple talc furnace with no inner boron nitride sleeve was 
used, a mica (?) was found in the mineral assemblage.
The experimental conditions thus resembled those 
conditions presumed to operate during high-grade regional 
metamorphism when rocks lacking hydrous phases are produced, 
or during crystallization of anhydrous acid magmas such as 
give rise to intrusive charnockites (Turner and Verhoogen,
I960, pp.346-8).
One series of 4-hour runs at 950°C in the pressure range 
2-1/4 to 31-1/2 kb yielded well-crystallized charges having 
grains from 1 to 10 in size. A second series of runs at 
1100 C for one hour gave well-crystallized, slightly 
coarser-grained charges. Several runs were done in
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duplicate. One 12-hour run was done at 950°, 24-3/4 kb to 
investigate the possible operation of Ostwald’s step rule.
The charges were examined optically and by X-ray techniques 
(powder photographs and diffractometer charts).
Experimental results
Runs at 9.30°C (Table 2). At 11-1/4 kb, quartz, alkali 
feldspar, and plagioclase are present as major phases as 
shown by X-ray diffraction data. Pyroxene and rutile could 
be identified optically. The pyroxene crystals are 
lath-shaped with very low birefringence and straight 
extinction; they are considered to be dominantly or entirely 
orthopyroxene. The alkali feldspar is a member of the high 
sanidine-high albite colid solution series with composition 
determined’“' as San^y-Ab^ using the A 2d values between the 
201 alkali feldspar reflection and the 1010 quartz reflection 
(Tuttle and Bowen, 1958). The lime content of the plagio­
clase could not be determined (c.f. Smith, 1956).
The amount of pyroxene in the lower pressure runs is 
insufficient for determination by X-rays. Orthopyroxene was
T<-
Alkali felspar compositions are given in weight per cent 
(Tuttle and Bowen, 1958). The anorthite content of the 
alkali feldspar solid solution could not be determined. This 
may affect the estimated albite and sanidine proportions.
12
identified optically in the 12-1/3- and 13-1/2-kb runs but 
could not be identified in the 15-3/4-kb run. Clinopyroxene 
(moderate birefringence, oblique extinction) is present in 
the 13-1/2-kb run, and particularly in the 15-3/4-kb run. At 
20-1/4 and 22-1/2 kb the clinopyroxene content is distinctly 
greater, and the pyroxene X-ray reflections are displaced 
toward the jadeite positions. In the 24-3/4-kb run, clino­
pyroxene is a major phase and gives a typical jadeite 
diffraction pattern. There is a further increase in the 
intensity of the jadeite reflections between 24-3/4 and 
31-1/2 kb.
The intensities of plagioclase reflections gradually 
decrease relative to alkali feldspar and quartz reflections 
in the range 11-1/4 to 18 kb. In the 4-hour runs between 
20-1/4 and 24-3/4 kb, this decrease in relative intensity is 
more rapid and matches the increase in jadeite content and 
amount of the clinopyroxene. However, in both the 22-1/2- 
and 24-3/4-kb runs at 950°C for four hours, very weak plagio­
clase reflections are identifiable. In contrast, the 12-hour 
run at 22-1/2 kb at 950°C gives no plagioclase reflections, 
and no evidence of partial melting could be seen optically.
The composition of the alkali feldspar remains approxi­
mately constant in the range San^y^iAb^..^ up to 22-1/2 kb. 
It is also to be noted that the compositions of the alkali
in
or
 r
ut
il
e 
pr
es
en
t 
in
 a
ll
 r
un
s*
 
ab
br
ev
ia
ti
on
s 
as
 i
n 
Ta
bl
e
V
A
R
IA
T
IO
N
 
IN
 
C
O
M
PO
SI
T
IO
N
 
O
F 
A
L
K
A
L
I 
F
E
L
D
S
PA
R
 
W
IT
H
 
C
H
A
N
G
E 
IN
 
P
R
E
S
S
U
R
E
*
C
o
•Hft
•H 
cn
o c n c n c n f t ON c n  cm c n c n c nft m m m m - f t m  i n * n  f t - CM
E ft ft ft f t f t f t  f t ft ft fto <q c c < <
^ 0 0
c < <
o f t f t N o\ f t f t f t f t
• f t - f t - f t - f t m - f t  - f t - f t m f t
u Ö £ £ £ £  £ £ £ £
03 03 03 03 03 03 03 03 O' 03 03
f t co CO CO CO CO CO CO CO CO CO
cn
ft
I— I
03
ft On i—1 m ON ft oft 00 ft ft NO m cn n00 ft ft ft ft ft ft <£ < < <, < < < o03 ON ft ON m ft NO cCO ft CM CM cn ft NO rH •£ £ £ 0 £ c £n O 03 03 03 03 03 03 CMCO CO CO CO CO CO CO rH
C,
00
IS]ft
03
O
i— I
I
u
©  03 
CM f t  
< 1  C fi  
X) 
i—I 
03 
ft
CM CM CM o 0 0 c n H c n rH ON c n CM c n f t o o O
NO NO NO NO m NO \ o NO i n CM CM O n ON 0 0 ft ( f t -H" rH
a • • • • • 9 • • • • • • • • • • •
o o o o o o o o o o
<
o o o o o o O
<
0
rH
O
03
u3
tn f t  
to ^
03
Lft
5
p
ft
CM
rH
T
r-tft r*|rj
h  cn? cn in oo
ft ft rH ft rH
O  CM CM f t  f t -  f t
CM CM CM CM CM C n
r'l'Ni *“*I i" r»(w -oft
c n  m  O  cm f t  f t  n o
f t  f t  CM cm cm cm c n
*
03
u
3ft
03
u
03 O
fto
E
03
ft
om
ON
coft
I— I
In
 
w
e
ig
h
t 
p
e
r 
c
e
n
t,
 
fr
o
m
 
d
a
ta
 
o
f 
T
u
tt
le
 
an
d
 
B
o
w
en
 
(1
9
5
'
C
O
M
P
A
R
IS
O
N
 
O
F 
M
AJ
O
R
 
FE
LD
S
P
A
R
 
R
E
F
LE
C
T
IO
N
S
 
IN
 
S
E
LE
C
TE
D
 
R
U
N
S 
A
T 
9
5
0
°C
 
a
n
d
 
1
1
0
0
u
o
o
ß cn i“H r *
O ß o c
•H 00 00 3 oo n r oo VO oo
-p < <  cn <s oo <  00 <
o l i i < 1 < 1
a> ß ß « - - i i ß • o ß • o ß
rH 3 3  X O 3 x  cn 3  X p f 3
<h cn c/o o C/0 o ß C/0 O ß C/0
CD ß oo ß 3 ß 3
OS 1—i H  PC <0 i—1 PD C/0 rH PD C/0 i—1
o O  O, o a O  PD o
I CM C |CM < |cm <; |CM
x
ß *
ß 0)
PS ;> -p
•H -H
O -P X X—s/^v X--—V x—v/—v
O 3  ß ov • cm m vo •  n - oo o n - o m  •  o  cn n~ • 0 0 - 4
o H  0) cm • m . 4 - cm •  m CM m  j - t—i • m e n rH • cn cm
o CD -p • • • 0
rH OS ß
rH H
❖  ha o  o - o o  in  in cn cn o cn m m 00 00 o
<D CD oo vo ov oo in oo n m oo VO - 4  o cn cn n r
CM -Ö •  •  a •  •  • • 0 e 0 0 0 0 0 0
H  n^ m- H  n - i—i n r  fs- rH o n rH
CM CM CM CM CM CM CM CM CM CM CM CM CM CM CM
ß 00 oo oo oo oo
O < < c < <
•H 1 l 1 I 1
-P ß ß ß ß ß
O 3  H 3 rH 3 H 3 rH 3
CD cn  pd C/0 PD C/0 PD C/0 PD C/0
rH
Ch r—1 |i—1 i—1 |i—1 rH lrH rH |rH i—1
0) O  O o  o o o o  o O
OS fM CM fM CM CM |CM CM |CM
CD o**»'
ß CD ^
3 P> -P
OS •H *H
-H CO
o 3  ß o  m  o  o 00 H  n  CM o v -  cm n o  cn o  o cn • ov n~
O i—l O rH rH _rt- VO h  n j rH P t ■H pt  cn rH • 1—1 1—1
o (D -P 0
in OS ß
ov H
m
CM
0
in  cn in  o in  m  o  in o m  m  m m  m  o  m m n r  O
oo pj- oo j - o o  i n n -n oo j - n 4 0 0 rH cm n r
*  W • • •  • •  •  a • • 0 0 0 0 0 0 0 0 l •
<D CD H H M V H  H  ^ '—1 r-1 n r H  H  n n 1—1 O  n r
CM 33 CM CM CM CM CM CM CXi CM CM CM CM CM CM CM CM CM CM • CM
n r
CM
CD
ß—r
X oo H»<M mlri' •Him
X 0^ cn i r \ C CM Or
o i—i rH CM CM C !
ß
o
i n
VO
•
vo
CM
CM
-P
3
3
CD
a
rH
Ho
I—I
IS
-p
u
CO
3
O'
CD
-P
O
•P
a>
•H
-P
CO
rH
CD
p
CD
0
•H
E
P
CD
-P
O
*
CMm
O v
CO
02o
o
'O
ß
CO
S'"!
CO
ßßo
Q
ßn
CO
r*
13
feldspar in both the 4- and 12-hour runs at 22-1/2 kb are 
identical within the accuracy of the method (Table 4)»
Between 22-1/2 and 24-3/4 kb and between 24-3/4 and 27 kb, 
there are marked decreases in the albite content. However, 
even at 27 kb, where plagioclase is absent as a separate 
phase, there is some albite solid solution in the alkali 
feldspar (Sany7Äb23).
Rare crystals of garnet, distinguished optically by its 
very high refractive index ( '>’±.7)9 equant form and isotropic 
character, are present in the 12-1/3- and 13-l/2-kb run but 
is still barely detectable by X-rays. Garnet continues to 
increase in the 18- and 20-1/4-kb runs but remains fairly 
constant in the amount present in higher-pressure runs.
In the run at 31-1/2 kb, the presence of minor coesite 
with a greater amount of quartz implies metastability in the 
observed mineral assemblage.
Runs at 1100°C (Table 3)• These runs show an important 
difference from those at 950°C in that only one feldspar 
phase, a member of the sanidine-high albite solid solution
t
series, is indentifiable. No reflections unambigously 
attributable to plagioclase were observed. Some feldspar 
reflections observed in several runs at 950 and 1100°C are 
compared in Table 5* In the 950°C runs the small but 
distinct peak at 20 = 21.85° is considered to be due to
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plagioclase and the neighbouring peak at 20 = 21.45° to be
due to the alkali feldspar solid solutions. In the 1100°C 
runs there is only a single peak in this region, and it shows 
a shift in position with increasing pressure consistent with 
decreasing albite content of a high-temperature alkali feld­
spar solid solution.
In the 950°C runs at 11-1/4 to 18 kb, the reflection at 
2 0 = 27*75° has greater intensity than at 2 6 - 27*45°.
This is the reverse of the relationship found in the high 
albite-sanidine solid solution series (Donnay and Donnay, 
1952) and is considered to be due to the superposition of the 
most intense albite peak (at 20 = 27.77°) on the
1ower-intensity high albite-sanidine peak at 2 O  = 27.75°.
In the 1100°C runs the intensity relationships for this pair 
of lines are compatible with a single feldspar phase of the 
high albite-sanidine solid solution series.
The feldspar at 1100°C is distinctly richer in albite 
than the corresponding alkali feldspar in the 950°C runs at 
the same pressure. The feldspar becomes steadily more 
potassic with increasing pressure up to 24-3/4 kb. Between 
24-3/4 and 27 kb there is a much larger decrease in albite 
content, from A b ^  to A b ^  , and by 36 kb the alkali feldspar 
is pure sanidine.
Garnet is absent at 13-1/2 kb and 1100°C but is present 
at 14-2/3 kb and increases in amount present in the 15-3/4“
Figure 1
Phases present in the average adamellite 
composition at high pressures and temperatures.
A Qz,Coes,  Alk, Px,Gar. A Coes, Alk, P x .'Gar.
X Q z, Pl( Aik, P x ^ a r .  
O Qz ,P I ,  Aik,  Px.
•  Qz,  Alk,Px;Gar.
O Qz ,  Alk Px.
The breakdown curve for albite is from Birch and 
Le Comte (i960) and the curve for the quartz - 
coesite transition is from Boyd and England (l960b). 
The dotted area represents the probable range of 
temperature at the base of the average continental 
crust (under stable conditions),
Qz=quartz,Pl=plagioclase,Alk=alkali feldspar, 
Px=pyroxene ,Gar=gamet ,Coes = coesite .
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and 18-kb runs. Above 18 kb there is apparently no further 
increase in the intensity of the garnet reflections.
The pyroxene laths at 13-1/2 and 14-2/3 kb include both 
orthopyroxene and clinopyroxene (identified by optical exam­
ination). There is a large increase in clinopyroxene 
content, and the pyroxene becomes dominantly jadeitic between 
22-1/2 and 24-3/4 kb.
Interpretation of results
The results are summarised diagrammatically in fig. 1. 
The incoming of garnet at 12-1/3 kb at 950°C, and 14-2/3 kb 
at 1100°C, is attributed to the reaction:
4(Fe, Mg) SiO^ + Ca AI2 Si£ 03^: (Fe, Mg)^ AI2 Si^ ^±2 
hypersthene anorthite almandine-rich garnet
+ Ca(Fe, Mg) Si£ O5 + Si O2 
diopside quartz
Since hypersthene, garnet and diopside are members of solid 
solution series, the above reaction will be spread over a P-T 
interval. Between 14-2/3 and 18 kb at 1100 C and 12-1/3 and 
about 18 kb at 950 C, the observed increase in garnet is 
thought to be due to the progressive elimination of 
hypersthene, or hypersthene solid solution in clinopyroxene. 
As pressure increases the degree of TschermakTs silicate,
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(Ca, Mg) A12S105, substitution in the pyroxene probably also 
decreases in favour of garnet (Ringwood and Green, 1964;
Boyd and England, 1964). Because of the appreciable Fe2Ü3 
content of our composition and the apparent absence of 
magnetite, it is probable that there is a small amount of 
acmite molecule present in our runs - possibly as a separate 
acmitic clinopyroxene below 13-1/2 kb and in clinopyroxene 
solid solution at higher pressure.
The normative composition of the plagioclase in the 
mixture is oligoclase (Ab72^n28)* The degree of solid 
solution of albite in the alkali feldspar will cause the 
modal plagioclase at 950°C to be more calcic than this. 
However, the reaction of anorthite molecule with pyroxene to 
yield garnet would enrich the plagioclase in albite. The 
disappearance of plagioclase as a separate phase at 950°C is 
due to the above reaction involving anorthite and to the 
breakdown of albite to yield jadeite and quartz (NaAlSi206^i 
NaAlSi206 + Si02). Between 18 and 22-1/2 kb at 950°C this 
reaction becomes important, as shown by the increasing amount 
of pyroxene and its increasingly j’adeitic composition and by 
the decrease in the amount of plagioclase. The jadeite so 
formed enters into solid solution with the diopside present, 
but at pressures greater than 22-1/2 kb at 950°C and 24-3/4 
kb at 1100°C the jadeite component is dominant, as shown by
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the X-ray diffraction pattern. In the 1100°C runs the 
break-down of albite molecule to yield jadeite + quartz is 
responsible for the changing composition of the alkali feld­
spar phase. Above 27 kb the more rapid decrease in albite 
content is consistent with the data from the simple albite 
system (Birch and Le Comte, I960). However, between 27 and 
36 kb at 1100°C, albite component stabilized by solid 
solution in the alkali feldspar continues to yield further 
jadeite and quartz as the alkali feldspar approaches pure 
sanidine. This effect is more noticeable at 950°C, where, at 
27 kb, with plagioclase finally eliminated as a stable phase, 
the alkali feldspar still contains about 23 wt./o albite. At 
950°C the traces of plagioclase present in the 4-hour runs 
at 22-I/2 kb and 24-3/4 kb are interesting in view of the 
absence of plagioclase from the 12-hour run at 22-1/2 kb. It 
is probable that equilibrium was not attained in the 4“hour 
runs, where the presence of plagioclase may be an example of 
the operation of OstwaldTs step rule (Fyfe et al.. 1958, p.73); 
i.e. a phase of higher entropy has nucleated first from the 
glass, and in the time of the experiment has not been 
completely recrystallized to the equilibrium assemblage. A 
similar explanation is invoked for the presence of quartz and 
coesite within the coesite stability field at 950°C and 
31-1/2 kb.
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The results on the adamellite composition are consistent 
with the few results published in similar compositions. Thus 
Yoder and Tilley (1962, p.516) report that the standard 
granite G1 crystallized to a sanidine solid solution + quartz 
at 18 kb, 1100°C. They do not comment on the presence or 
absence of minor pyroxene or garnet. Luth ejb al. (1964) 
report studies at water pressures of 4 to 10 kb in the system 
KAlSi^Oß - NaAlSijOß - Si02 - H2O. The high water pressure 
depresses the beginning of melting to around 650°C and the 
liquidus surface intersects the high albite-sanidine 
immiscibility gap. The data presented here show that in the 
presence of a moderate Ga content, two feldspars coexist at 
950°C over the pressure range 11-1/4 to 22-1/2 kb, but in the 
same bulk composition there is only one feldspar of the high 
albite-sanidine solid solution present at 1100°C over the 
same pressure range.
Geological applications
(i) Subdivision of the granulite facies
The minerals cordierite and andalusite are well known as 
indicators of low pressures of crystallization. The 
experimental work of Green and Ringwood (1967) bas shown that 
the association olivine + plagioclase is also restricted to 
relatively low pressures. The present data on the acid
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composition, and the data of Green and Ringwood (.££>. cit.) on 
basic compositions show that the association plagioclase + 
orthopyroxene - clinopyroxene - quartz is stable up to 
moderately high pressures, where garnet and clinopyroxene 
form from the reaction between hypersthene and plagioclase. 
The pressure at which garnet appears depends on the Fe/Mg 
ratio - garnet comes in at slightly lower pressures in rocks 
with high Fe/Mg ratios. In olivine normative basic rocks, 
the incoming of garnet is related to reaction between spinel, 
plagioclase and orthopyroxene, and occurs at significantly 
lower pressures than in quartz normative rocks.
On the basis of the above-mentioned mineral associations 
it is possible to classify granulite facies areas into low, 
medium, or high pressure terranes, as done by Green and 
Lambert (1965)? and Green and Ringwood (1967). It is 
stressed that garnet formed in response to high pressures 
coexists with calcic clinopyroxene, with or without hyper­
sthene. In some gneisses and granulites, the AI 2 O3 content 
may be higher than in the experimental composition and the 
assemblages hypersthene + plagioclase + garnet + alkali 
feldspar + quartz, and plagioclase + garnet + sillimanite + 
alkali feldspar + quartz, may occur. These assemblages do 
not indicate crystallization within the garnet field of 
fig. 1 .
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Garnet + clinopyroxene + hypersthene in olivine norma­
tive basic compositions (Wilson, 1954> 1959; Nesbitt and 
Talbot, 1966) and in intermediate compositions (specimens 
supplied by Dr R.L. Oliver, Adelaide) occur at some local­
ities in the Musgrave Range block granulites. These rocks 
must have formed at rather high pressures, that is at consid­
erable depth in the crust. The recognition of this fact at 
an early stage of this thesis proved important in the 
interpretation of the significance of the geochemistry of 
different granulite facies terranes.
(ii) Mineral assemblages of acid rocks under eclogite facies 
condltions
At constant temperature eclogite facies assemblages form 
at higher pressures than granulite facies assemblages, whilst 
at constant pressure they will form at lower temperatures. 
Green and Ringwood (1967) have experimentally crystallized 
basaltic compositions to eclogite mineralogy. The pressure 
at which plagioclase disappeared to yield garnet + pyroxene + 
quartz mineral assemblages (eclogite) depends on the bulk 
composition. In normal basaltic compositions their data 
indicate that plagioclase is unstable at pressures greater 
than about 17 kb at 950°C.
At 17 kb and 950 C the adamellite consists of quartz, 
sanidine solid solution, plagioclase, orthopyroxene,
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clinopyroxene, garnet, and rutile. This assemblage is stable 
to between 22-1/2 and 24-3/4 kb and is also typical of the 
lower pressure range from 12-1/3 kb, although the proportion 
of phases varies. Basaltic rocks, particularly of quartz 
tholeiite composition, crystallize in this lower pressure 
range to granulite facies mineral assemblages of pyroxene + 
plagioclase + garnet + quartz (Ringwood and Green, 1964).
Thus the experimentally defined boundary between mineral 
assemblages matching those of basaltic rocks in the granulite 
facies and basaltic rocks in the eclogite facies does not 
correspond to a major change of mineralogy in an anhydrous 
adamellite composition. It has been noted, however, that the 
pyroxene in the adamellite at 20-1/4 and 22-1/2 kb, 950°C, 
is distinctly rich in jadeite. Thus in a granitic composi­
tion, recognition of a clinopyroxene of high jadeite (and 
probably low Tschermak’s silicate) substitution coexisting 
with pyrope-almandine garnet would establish the assemblage 
as eclogite facies. This hypothetical rock, with a mineralogy 
dominated by quartz, sanidine (or orthoclase), and plagioclase 
could in no sense be called an 1eclogite1 but would have the 
megascopic and microscopic character of an acid, garnetiferous 
pyroxene granulite. Under higher pressures, granite (broadly 
defined) will crystallize as a quartz-jadeite-sanidine- 
garnet-(kyanite) rock.
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(iii) Nature of the lower continental crust
The most important single constraint on the nature of 
the lower crust is the observed seismic velocities. Seismic 
velocity profiles through the crust usually indicate an 
increase in compressional seismic velocity, Vp, with depth 
(Birch, 1958; Steinhart and Meyer, 1961). In the upper crust, 
values of Vp = 5*8 to 6.3 km/sec. are common, increasing to 
6.7 to 7*2 in the lower crust.
The present work on the granitic composition, coupled 
with more recent data demonstrating the thermodynamic 
stability of eclogite facies assemblages throughout the 
continental crust (Green and Ringwood, 1967; Ringwood and 
Green, 1966a, b), are very relevant to considerations of the 
nature of the lower crust. Regional metamorphism is a 
fundamental process of orogeny. During orogeny the thermal 
gradients within the crust are elevated, and it is probable 
that granulite facies mineral assemblages are developed 
throughout much of the lower crust (Fyfe et. al• , 1958; Heier, 
1964; Heier and Adams, 1965; Lambert and Heier, 1967). The 
data of Ringwood and Green indicate that as the temperature 
falls after the climax of metamorphism (at approximately 
constant pressure) the eclogite stability field is entered. 
They claim the reaction rates under normal lower crustal 
conditions should be sufficient for granulite facies
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assemblages to change to eclogite facies assemblages in the 
amount of time available. If  this is the case, i t  limits the 
possible compositions of the lower crust. A dominantly mafic 
lower crust has been suggested by many workers - (1) because 
gabbros have similar seismic velocities to those measured in 
the loiver crust, and (2) by analogy with the supposedly basic 
oceanic crust. However, this is incompatible with the 
experimental work, because of the very high density of (basic) 
eclogite (of the order of 3*5 g/cm3), which would have a 
seismic velocity of about 8.4 km/sec. Ringwood and Green 
(1966a, b) note that the density of eclogite is significantly 
higher than that of the upper mantle (mean density-— 3*3 
g/cir_3), and they postulate that any large masses of (basic) 
eclogite would sink bodily through the crust into the upper 
mantle (where they may undergo partial melting, Green and 
Ringwood, 1966). On the other hand, Berman balance measure­
ments in the present work show the density of the acid rock 
composition increased from 2.68 g/cm^  before the incoming of 
garnet, to 2.8 g/cm3 when crystallized at the pressures and 
temperatures at which eclogite f irs t becomes stable in basic 
compositions. This corresponds to an increase in compressional 
wave velocity at 10 kb confining pressure from 6.5 to 6.8 
km/sec. (calculated using equation of Birch, 1961, p.2218).
This is not of sufficient magnitude to explain the observed
crustal velocities
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Similar constraints regarding possible compositions of 
the lower crust apply if granulite facies assemblages have 
persisted metastably in the lower crust because of the slow 
reaction rate for their conversion to eclogite facies 
assemblages. Mafic rocks crystallized to garnet granulites 
in the lower crust would have seismic velocities between 
those of gabbro and eclogite. These are higher than the 
generally observed seismic velocities and thus mafic rocks 
could not be the dominant component of the lower crust.
Again, the seismic velocities of acid rocks crystallized to 
garnet granulites would be too low for such rocks to be 
widespread in the lower crust.
T.II. Green (1966) has carried out high pressure experi­
mental work with a bearing on the origin of ’massive1 
anorthos.itic rocks. He concluded that partial melting of an 
overall intermediate composition in the lower crust could 
form an acidic melt and leave an anorthositic residuum. He 
thus maintained that anorthositic rocks could be common in 
the lower crust. Anorthositic rocks are basic in terms of 
Si02 contents, but have similar seismic velocities to 
intermediate rocks because they consist mainly of plagio- 
clase•
It is concluded from these seismic velocity and high 
pressure experimental data that the lower crust has an
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average intermediate composition, which could include 
anorthositic rocks, largely crystallized to granulite and/or 
eclogite facies mineral assemblages.
The experimental data are only relevant to anhydrous 
compositions. If there is an appreciable water pressure in 
the lower crust, hydrous minerals would form at the expense 
of garnet and pyroxenes resulting in lower seismic velocities 
in all rock compositions. A basic crust is feasible under 
such wet conditions. However, it is not considered that this 
is the general case because temperatures of metamorphism in 
the lower crust appear to be considerably higher than the 
stability of the hydrous minerals. At these high tempera­
tures, water would be expelled to lower pressure regions, and 
anhydrous granulites would result. On cooling, these would 
be very unlikely to become re-hydrated because of the lack of
water
CHAPTER 3
Some general features of high oracle regional 
netamorphic terranes
Surveys of relevant published data, coupled with th is  
author’s observations suggest that the following features are 
characteristic  of high grade metamorphic terranes.
Re1ative abunda nce s
Granulite facies terranes containing rocks with mineral 
assemblages indicative of medium and high pressures of 
formation are re la tive ly  uncommon at the earth ’s surface - 
only two are known in Australia. In contrast, more hydrous 
granulite facies terranes containing low pressure mineral 
assemblages are widespread in a l l  continental shields, and 
are closely associated with almandine amphibolite facies 
mineral assemblages.
Lit hoi ogies
There appear to  be lithologic differences between 
typical low pressure granulite terranes and typical medium
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and high pressure granulite terranes. The majority of upper 
amphibolite facies and low pressure granulite terranes are 
dominated by acidic rocks with relatively small proportions 
of basic and intermediate rocks. Occasionally such terranes 
are dominated by more mafic rocks, an Australian example 
being the east Kimberley block, but considered overall these 
are subordinate to the more acidic terranes. Medium and high 
pressure granulite facies terranes are generally dominated by 
sub-acid, intermediate and basic rocks, with less acidic 
average compositions than the common lower pressure terranes. 
They are only infrequently dominated by basic rocks alone 
(e.g. Fraser Range block). The general lack of acid rocks in 
medium and high pressure granulite terranes has been noted by 
Groves (1935)* Ramberg ( 1 9 5 1 )* Pichamathu (1 9 5 3)> Wilson 
(1954* I 9 6 0 ) ,  and Heier ( i 9 6 0 )  (Uganda, Greenland, India, 
Australia and Norway, respectively).
Mineral assemblages
Common mineral assemblages in low pressure granulites 
are as follows. Mafic rocks usually contain plagioclase and 
brownish hornblende - hypersthene - clinopyroxene. Olivine 
may or may not be present. Felsic rocks may contain 
hypersthene in association with biotite - brownish hornblende 
- almandine rich garnet. The alkali feldspar generally does
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not have microcline twinning and is usually either orthoclase 
or transitional between the triclinic and monoclinic forms 
(Chapter 7)* The low pressure granulites usually grade into 
upper amphibolite facies rocks characterized by greenish 
hornblende and containing no hypersthene. The alkali feld­
spar of the felsic amphibolite facies rocks frequently (but 
not always) exhibits microcline twinning. Cordierite, 
sillimanite and/or andalusite, may be present in rocks from 
both these grades. Sphene is generally restricted to the 
amphibolite facies rocks.
Medium pressure granulites are characterized by the 
association plagioclase + hypersthene - clinopyroxene - 
quartz. Olivine H» plagioclase are incompatible, cordierite 
is unstable, and sillimanite or kyanite are the usual 
aluminosilicate minerals. With increasing pressure the 
mineral association garnet + clinopyroxene + hypersthene + 
plagioclase is developed, first in basic rocks and then in 
felsic rocks. The high pressure limit of the granulite 
facies is defined by the disappearance of plagioclase from 
basic rocks (eclogite). The associations listed for medium 
and high pressure granulites only form where the water 
pressure is very low. Where metamorphism takes place at 
slightly higher water pressures these assemblages may be 
affected by the development of hornblende. Retrogressive
29
reactions can also cause the development of hydrous minerals 
in these rocks.
Field relations
There is evidence for large scale thrust faulting 
associated with many medium and high pressure granulite 
terranes. It is probable that many such terranes have been 
tectonically uplifted to their present crustal levels and 
they may not be genetically related to many of the lower 
grade rocks that are now adjacent to them.
Other associated rock types
Anorthositic bodies and hypersthene bearing granitic 
intrusions are commonly associated with the banded basement 
rocks in medium and high pressure granulite terranes, but are 
not characteristic of low pressure granulite and amphibolite 
facies terranes.
The anorthositic massifs vary in size. They may be 
almost pure plagioclase rocks, as described from northern 
Norway by Heier (i960), or may contain appreciable hyper­
sthene and/or clinopyroxene, as in the Musgrave Range block. 
The plagioclases are typically richer in albite than those in 
common gabbroic rocks.
Hypersthene bearing felsic intrusive rocks have been 
described from many medium and high pressure granulite
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te r ra n e s  (e .g .  H eier, I960; Wilson, 1947? 1954? I960). 
C arefu l mapping by Wilson has shown th e  ex is ten ce  of a 
metamorphic au reo le  superimposed on th e  g r a n u l i t e s  fo r 
hundred yards from th e  in t r u s iv e  rocks in  the  Musgrave 
b lock.
narrow 
a few 
Range
:harter a
Areas studied
Sampling for the present invest derations
A total of three months was spent in sampling for the 
present investigations. The author personally collected 
samples from all the areas except Kalgoorlie and the East 
ICimberleys, and was accompanied on various occasions by Dr 
K.S. Heier, Mr T.H. Green, Dr A. Turek (all from A.N.U.), Mr 
M. Kriewaldt (Geological Survey of Western Australia = 
G.S.W.A.), Dr J. Kay and £Ir N. Stephenson (University of 
Western Australia). In addi.tion, a large number of samples 
have been supplied from other sources, which are acknowledged 
below.
The areas that have been studied are shown in fig. 2.
The localities of the individual samples analysed are shown 
in Appendix A. The Cape Naturaliste, Eyre Peninsula,
Musgrave Range and Fraser Range terranes have been sampled in 
detail. Brief sampling trips were made to the Esperance, 
Albany and Northampton areas. A sampling traverse was made 
along the Great Eastern highway, westwards from Balladonia to
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Figure 2
Map of west Australia showing the main areas 
sampled for the present studies: C.NAT = Cape 
Naturaliste, EYRE P = Eyre Peninsula, KIMB = 
East Kimberleys.
Black areas = sampled in detail; horizontally 
shaded areas = sampled in less detail.
KIMB.2 0 0  Ml.
MUSGRAVE RA.
FRASER RA.C. NAT.
EYRE
PEN.
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Merredin, and thence along various roads through the wheat- 
belt area between Merredin and York. Drs A. Turek and K.S. 
Heier supplied the samples from the Kalgoorlie region. 
Additional samples covering other portions of the southwest 
shield were obtained from the Bureau of Mineral Resources 
(B.K.R. ), Canberra (see below). The East Kimberley samples 
were supplied by Mr V.M. Bofinger (B.M.R.).
Proportions of the various rock types in the areas 
studied in detail have been estimated on the basis of the 
geological maps available, discussions with geologists who 
have worked in these areas, and the author’s own observations. 
Most of the samples analysed were studied in thin section and 
approximate amounts of the major mineral constituents were 
estimated. These approximate modes are set out in Appendix 
B. It is noteworthy that in the areas studied pelitic and 
calcic rocks are not very common - the maj'ority of the rocks 
are quartzofeldspathic and basic.
Previous work in the areas sampled
Geological mapping and petrographic studies of the areas 
sampled have been carried out by previous workers. The areas 
were selected largely on the basis of various papers by 
Professor A.F. Wilson in which he summarises the important 
features of most known high grade metamorphic rock
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occurrences in the southern half of the Australian shield. 
Informative discussions were also held with Professor Wilson 
at several stages during the present investigations. The 
main references to previous work in the various areas are as 
follows:
Area Reference Remarks
Musgrave Range Wilson (1947y1954y Detailed petrography,1959,1960) mapping, major element 
chemistry
Fraser Range a)Wilson (1959, 1966,in prep.) Some petrography and major element chemistry
(2) Horwitz and Sofoulis (1965)
General geology
Cape Naturaliste (1) Kay (1958) Detailed petrography and mapping
(2) Wilson (1959) General description
(3) Horwitz (1963) Mapping and petrography
Eyre Peninsula a) Tilley (1921) Detailed petrography and mapping
(2) Wilson (1959) General description
(3) Johns (1961) Mapping
East Kimberley Dow et al. (I964) Mapping and petrography
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Greenstones (1) Turek (1966) Geochronology and petrography
(2) Horwitz and
Sofoulis (1965)
General geology
(3) Woodall (1965) General geology
South Coast, (1) Clarke et al. General geology and some
W.A • (1954) major element chemistry
(2) Wilson (1959) General description
Northampton (1) Playford (1952) Some petrography
(2) Wilson (1959) General description
Y ork (1) Wilson (1959) General description
(2) Stephenson Detailed petrogxraphy
(1963) and mapping
Dangin (1) Prider (1945) Petrography
(2) Wilson (1959) General description
Overall south- Wilson (1958) Mapping, structure,
west shield geological history, and 
major element chemistry
Work din addition to that recorded in these references is 
as follows. In 1959* the B.M.R. and the G.S.W.A* carried out 
extensive sampling of granites and gneisses in the southwest
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shield, and they k5.ndly made crushed samples available for 
the present investigations. The G.S.W.A. is at present 
engaged in mapping and sampling in the southwest shield along 
the proposed Upper Mantle Project traverse line. They are 
also working in the Blackstone Range area, which is the 
westernmost extension of the Kusgrave Range block, and have 
supplied some samples from this area.
The Geological Survey of South Australia has been 
working in the Musgrave Range block for several years. It 
supplied some samples from the Eyre Peninsula for the present 
work.
Staff and students from the Geology Department, 
University of Adelaide, have also been working in the 
Musgrave Range block. Dr R.L. Oliver is studying 
geochemical and petrographic aspects of the high grade 
metamorphic rocks to the west of the area studied by Wilson 
and the present author; he supplied several samples. Nesbitt 
and Talbot (1966) are working on the Giles basic and ultra- 
basic complex which is emplaced in the Musgrave Range block, 
and several students have submitted unpublished theses 
concerned with aspects of the Giles rocks.
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Main features of the areas sampled
(1) Mediur* and hirrh pressure rranulite facies fcerranes 
(i) The Mus^rrave Hange block. Granulites and 
associated rocks have been sampled from the area of some 1500 
square miles described by Wilson (1947* 1954* I960). Similar 
rocks outcrop sporadically for two hundred miles to the west 
of this, and a number of samples of these are included in the 
present studies (samples supplied by Dr R.L. Oliver from the 
University of Adelaide, and the G.S.W.A.). Banded granulites, 
hypersthene bearing granitic intrusions, and gabbroic 
anorthosite masses outcrop in the area. The medium pressure 
assemblage plagioclase + orthopyroxene - clinopyroxene - 
quartz is common in the banded granulites and anorthositic 
rocks. Plagioclase + hypersthene + clinopyroxene + garnet 
have been recorded in some basic (Wilson, 1954* I960) and 
felsic rocks (R.L. Oliver, personal communication; Nesbitt 
and Talbot, 1966), and is indicative of high pressures of 
crystallization. Because both medium and high pressure 
mineral assemblages are developed in the Musgrave Range, it 
is referred to throughout this thesis as a medium to high 
pressure granulite facies terrane.
Wilson (1954) recorded cordierite in a narrow aureole 
around the hypersthene bearing Ernabella adamellite. This 
indicates that the granite was intruded after the main
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granulite metamorphism. This is supported by preliminary 
results of Rb-Sr age determinations, Chapter 5*
The estimated proportions of the major rock types in the 
part of this terrane that was sampled in detail are: acid 
granulites $%9 sub-acid granulites 2$%, intermediate 
granulites 20%, basic granulites 25/£, hypersthene granite 
20^, gabbroic anorthosite etc. 5/®*
Amphibolite facies rocks adjacent to the granulites are 
mainly acid and sub-acid. They are generally not as well 
exposed as the granulites. Acid and sub-acid gneisses and 
granites predominate, and probably constitute 70-80  ^ of the 
outcrops. Interbanded basic amphibolites appear to 
constitute 20^  or less of the coutcrops, intermediate rocks 
are rare.
(ii)  Fraser Prange block. The granulites of this area 
were discussed briefly by Wilson (19599 1966). There are no 
known hypersthene granites or anorthositic rocks in the 
region. The terrane is dominated by bands of basic 
granulites which are characterized by the association 
plagioclase + hypersthene - clinopyroxene - quartz. Brown 
hornblende occurs in some of the basic rocks. Garnet + 
hypersthene is developed in some acid bands; a garnet 
analysed from this terrane (Chapter 7) appears to have 
crystallized at fairly high pressures, and this is also
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classified as a medium to high pressure granulite facies 
terrane. The estimated rock proportions in this terrane are: 
acid granulites $%, sub-acid granulites 5%> intermediate 
granulites 30%> basic granulites 60%. This is more basic 
than most medium to high pressure granulite terranes. It has 
been suggested that the area is the metamorphosed equivalent 
of part of the Kalgoorlie-Uorseman greenstone sequence 
(Horwitz and Sofoulis, 1965).
The amphibolite facies rocks adjacent to the granulites 
are very poorly exposed and no estimate of the abundances of 
the different rock types can be made further than stating 
that acid and sub-acid rocks dominate the outcrops.
(2) Low pressure granulite facies terranes
(i) Cape Naturaliste block. Detailed petrography on 
the granulites from the northern part of this area has been 
done by Kay (1958). There is a general gradation from upper 
amphibolite facies rocks in the south to low pressure 
granulites in the north. Both grades consist of approximately 
55% acid rocks, 25% sub-acid rocks, 5% intermediate rocks and 
15% basic rocks. The low pressure association fayalite + 
plagioclase (Green and Ringwood, 1967) occurs in several 
magnesium poor acid granulites (see Chapter 7). Structures 
indicating mobilization of the acid gneisses are observed i.n
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some outcrops. Transgressive and concordant pegmatoid rocks 
are widespread.
(ii) Southern Eyre Peninsula block. This areas was 
described by Tilley (1921) and Johns (1961). The majority of 
rocks exposed are of upper amphibolite facies. Low pressure 
granulites are mainly restricted to the southeast part. The 
felsic and basic rocks are present in similar proportions as 
in the Cape Maturaliste block, and pegmatoid rocks are again 
widespread. Tilley (1921) noted the low pressure association 
olivine + plagioclase in several basic bands.
(iii) East Kimberley block. This region was mapped 
jointly by the G.S.W.A. and the B.M.R. (Dow et. aJL. , 1964).
It contains low pressure granulites; andalusite and cordierite 
are developed locally. This area differs from most low 
pressure granulite facies areas in that it contains a large 
proportion of basic rocks; no accurate estimate of the rock 
proportions has been made.
(iv) Other areas containing? low pressure granulite 
facies rocks. Several other areas containing low pressure 
granulites have been sampled in a cursory fashion. These are 
Northampton, Albany, Esperance, York and Dangin. The York 
and Dangin areas are included under southwest Archaean 
shield. The rocks in the other areas were metamorphosed in 
the Proterozoic (Chapter 5)« All areas are essentially
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similar to the Cape Naturaliste and Eyre Peninsula terranes. 
The purpose in visiting these areas was to look at their main 
features and to sample a few of the common rock types for 
general chemical comparison with the other low pressure areas 
studied in more detail.
(3) Southwest Archaean shield
The southwest part of Western Australia is dominated by 
Archaean rocks. Thin coastal strips to the west and south 
are younger Proterozoic rocks, and to the east the limit of 
the Archaean rocks is in the vicinity of Fraser Range (see 
Chapter 5)« A substantial portion of the Archaean shield in 
southwest Australia is covered by a thin layer of laterite or 
sand. Felsic gneisses and granites dominate the outcrops. 
Gravity data (Wilson, 1958; Everingham, 1965)? aeromagnetic 
data (B.M.R., 1961), and laterite studies indicate that 
felsic rocks are also the major components in the unexposed 
areas. This is shown on the geological maps of Western 
Australia, compiled by Wilson (1958) and the G.S.W.A. (1966). 
The best exposures of basic rocks are the generally low grade 
metamorphosed greenstones as in the Kalgoorlie-Norseman 
goldfields area (Horwitz and Sofoul.is, 1965; Woodall, 1965). 
The greenstones are associated with variable proportions of 
sedimentary and felsic igneous rocks (whitestones). The 
Kalgoorlie stratigraphic sequence compiled by Woodall (1965)
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indicates approximately 30% basic rocks (greenstones), 10% 
ultrabasic rocks (greenstones), 4-5% felsic sedimentary rocks 
(whitestones), 13% felsic igneous rocks (whitestones), in the 
Kalgoorlie area. The gravitjr data of Everingham (^. cit. ) 
indicate that the greenstone-rich sequences do not persist to 
great depths; he estimates their maximum thickness in the 
vicinity of Kalgoorlie is of the order of 4 km. Metamorphosed 
basic rocks (e.g. amphibolites) occurring interbanded with the 
felsic gneisses are not generally well exposed in the south­
west shield.
Because of the poor exposure, accurate proportions of 
the rock groups cannot be estimated. Poldervaart (1955) 
suggests there are four parts felsic and one part basic rocks 
in the near surface regions of the average continental shield. 
This seems to be a reasonable estimate for the Australian 
Archaean shield. Acid and sub-acid rocks are far more common 
than intermediate compositions in the felsic rock outcrops in 
this region, and EveringhamTs gravity data indicate no large 
amounts of intermediate rocks in the unexposed regions. The 
percentages of the rock types taken for the southwest 
Archaean shield in this thesis are 73% acid and sub-acid 
rocks, 3% intermediate rocks, and 20% basic rocks. Quartzo- 
feldspathic crystalline rocks (gneisses and granites) and 
many whitestones are included in the acid and sub-acid group.
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Original nature of the rocks
It could be argued that the Thigh grade metamorphict 
rocks studied have not been metamorphosed at all, but rather 
are primary igneous rocks. There is strong evidence against 
this. In the southern Eyre Peninsula area there are 
quartzites, dolomites, and graphite schists of undoubted 
sedimentary origin. In the Musgrave Range there are some 
granulites of pelitic compositions, north of Kenmore Park. 
Metasediments have also been recognised in high grade terranes 
of other continents, e.g. Parras, 1958; Heier, i960. The 
undoubted metasedriments constitute the evidence for 
metamorphism in these areas. However, they do not 
necessarily indicate that all the rocks associated with them 
are metasedimentary. For instance, many of the common 
quartz of elds path ic rocks could be orthogne5.sses. Wilson 
(19549 I960) and Kay (1958) noted the banded quartzofelds- 
pathic rocks at Musgrave Range and Cape Naturaliste, 
respectively, contain complex suites of zircons. As igneous 
rocks generally contain only one zircon type, this complexity 
of zircon types probably indicates that these rocks have been 
through a sedimentary cycle (Poldervaart and von Backstrom, 
1949). Complex suites of accessory minerals are present in 
all the terranes studied here, and it is thus considered
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that the majority of the quartzofeldspathic rocks are 
metamorphosed arkoses and/or greywackes, derived from 
granitic provenances. Metamorphosed basic bands may well 
have been igneous dykes, sills and flows within the 
sediments.
It should be emphasized that the main conclusions 
reached in this thesis are not dependent on the premetamorphic 
nature of the rocks.
CHAPTER 5
A re de t ern In a 11 ons
Introduction
Radiometric age determinations have been carried out in 
all areas studied in this thesis, using the Rb-Sr technique 
(Schreiner, 1958; Compston and Jeffery, 1959) for total rock 
samples. The east Kimberley high grade metamorphic rocks 
have been dated by Bofinger (in preparation), and the 
Kalgoorlie rocks and Albany granite by Turek (1966). The 
remaining areas have been dated by the present author in 
collaboration with Drs P.A. Arriens and W. Compston (A.N.U.).
Analytical techniques
The dates for the Kimberley, Kalgoorlie, Albany and 
Kellerberrin (UMP-l) areas have been done using isotope 
dilution techniques similar to those described by Compston 
et al. (1965). In the other areas, Rb and Sr were determined 
by X-ray fluorescence techniques, as described by Norrish and 
Chappell (1966), and Sr°7/Sr^ ratios were measured by 
unspiked runs on a mass spectrometer (Nuclide, 12 inch, 60°
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TABLE 6
Area Age Initial (Sr^/3r^0 )
(nillion years)
1 U',r,-1 (kellerberrin) 2737 ± 77 . 700 ± .005
2 York gneis ses 2687 + 211 .712 ± .009
3 Bruce .lock gneisses 2690 + 368 .703 + .004
(30 mi. 31 of UMP-1)
4 Kalgoorlie (Turek, 1966)
a) Lower sequence 2730 + 90 .6929 + .0039
b) Granites 2612 + 13 . 7026 + . 0007
5 Albany (Turek, 1966) 1100 ± 50 .7110 + .00064
6 Cape Naturaliste 680 + 170 .709 + .003
7 Northampton 1041 + 49 . 720 + . 004
8 Fraser Range 1302 + 33 .705 + . 002
0 Musgrave Range
a) Basement granulites 1372 + 129 .705 + .003
b) Hypersthene granites 1130 ± 108 . 710 + . 008
10 Southern Eyre Peninsula 1706 + 139 .704 + . Oil
11 East Kimberley metamorphics 1961 + 27 .7010 ± .0006
(Bofinger, in prep.)
Areas 1-8 are in the southwest part of Western Australia (see 
locality map, fig. 2.
Previous age determinations in the areas studied
Wilson et a1 (i960)“ summarized previous radioactive 
ages in the Australian shield and used these to make a 
preliminary subdivision of the Precambrian rocks. Most 
of their dates relevant to this study were done by the 
Rb~Sr technique on individual minerals. These must be 
interpreted with caution because of the possibility of 
redistribution of Rb and Sr, (e.g, Arriens et al, 1966). 
Their small number of total rock ages are in close 
agreement with those obtained in this thesis.
.5'-“Wilson A.F., Compston W., Jeffery P.M. and Riley G.H. 
(i960). Radioactive ages from the Precambrian rocks 
in Australia. J. Geol. Soc. Aust , , 6_} 179-196.
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sector). This latter method is not quite as satisfactory 
because of the slightly lower accuracy of the measurements of 
Rb and Sr by X-ray fluorescence. However, where Rb/Sr ratios 
have been obtained on the same sample by X-ray fluorescence 
and isotope dilution, the agreement is within 2-3%» it is 
thus considered that the ages obtained are reliable. The 
advantages of the X-ray fluorescence technique are that it 
saves considerable time, and sample preparation is easier.
Isochrons have been fitted to the experimental points 
(by computer) using a least squares method (McIntyre et. al. , 
1965)* Any geological effect outside the known experimental 
error is apparent from this regression. The errors quoted 
for the ages and initial Sr^/Sr^ö ratios are the 93% 
confidence limits for the experimental points.
Discuss ion
Table 6. The table is self-explanatory.
In most areas dated, the computed regression indicated 
the scatter of points about the isochron exceeded the 
experimental error. This indicates either or both of the 
following may have occurred:
(l) Radiogenic Sr°7 and common Sr^6 were not completely 
homogenized throughout these areas at the time of 
metamorphism.
The ages and out in
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(2) Later events have caused partial redistribution of 
the Sr isotopes.
A discussion of the significance of the initial 
Src’7/Sr°^ ratios is given in Chapter 10.
CHAPTER 6
PART I: Rock Chemistry
Introduction
Investigations of the geochemistry of high grade 
regional metamorphic and associated rocks from the Australian 
shield were a major aspect of this thesis. The purposes of 
these investigations have been discussed in Chapter 1 (aims 
(i), (ii), (iii), and (vi). In summary, the aims were: 
to investigate the average chemical compositions, 
with particular reference to K and certain trace 
elements, of a number of amphibolite facies terranes, 
granulite facies terranes, and the overall southwest 
Archaean shield;
to establish if certain trace elements are 
fractionated relative to major elements during high 
grade regional metamorphic processes; 
to define trends in the abundances of a variety of 
elements with increasing depth in the continental 
crust.
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The rocks in the areas studied were divided into acid, 
sub-acid, intermediate and basic groups on the basis of the 
chemical analyses and proportions of ferromagnesian minerals. 
These groups correspond roughly to the following Si02 ranges: 
acid 70%, sub-acid 65 to 70%> intermediate 55 to 65% and 
basic ^ 55%» The average compositions of the various meta- 
morphic grades in the terranes sampled have been obtained by 
analysing representative rock types of the four rock groups, 
and taking into account the relative proportions of the rock 
groups in each grade. The proportions of the rock groups 
were estimated on the basis of maps and comments by previous 
workers in these areas, as well as the authorTs own 
observations (Chapter 4)* The average composition of a 
metamorphic terrane depends on three factors: (l) the original 
compositions of the rocks, (2) the extents to which 
metamorphism, melting and any other geological processes have 
modified the initial compositions and (3) the proportion of 
the terrane now exposed at the surface. Because of these, 
abundance differences between the estimated average 
compositions of the various facies have not been considered 
significant unless they are consistent and of rather large 
magnitude.
The investigations of possible element fractionations 
during high grade metamorphism were concerned mainly with the
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elements Th, U, Rb, Sr, Pb and Ba. The ratios of these trace 
elements to the K contents were compared in rocks from 
differing metamorphic grades to see if there were any 
relative depletions. Such depletions are expected for trace 
elements that cannot be readily accommodated in high grade 
metamorphic mineral assemblages (Heier, 1964* 1965a; Heier 
and Adams, 1965; Lambert and Heier, 1967*).
The approach used to define the changes in element 
abundances with depth in the crust is based on the hypothesis 
that high pressure-high temperature mineral assemblages are 
developed throughout much of the lower crust during orogenic 
processes, which are fundamental in the evolution of the 
continental crust (see Chapters 1 and 2). It follows that it 
should be possible to observe the chemical features of lower 
crustal rocks from a study of high pressure regionally 
metamorphosed terranes. Trends shown in the chemistries of 
medium to high pressure granulite facies rocks should be 
representative of those of the lower crust.
Analytical techniques
Further discussion of the analytical techniques is 
given in Appendix C. Si, Al, Fe, Mn, Jig, Ca, Ti, P, Rb, Sr,
*
A reprint is included inside the back cover of this thesis.
Table 7
S tanda rds for X-ray fluorescence ana lyses
Oxide or element Standard rock Accepted value^
Si02 G 1 72.64#
a 12°3 W1 14.85#
Fe203* W1 11.17#
MgO W1 6.62 #
CaO W1 10.94#
Ti02 W1 1.07%
P2°5 ¥1 .14#
MnO ¥1 .16#
Rb G 1 210 ppm
Sr ¥1 186 ppm
Pb G1 4 9 ppm
Ba G 1 1025 ppm
Zr G 1 210 ppm
ÄTotal Fe as Fe20^
dMajor oxides based on values of Fleischer and 
Stevens (1962). R b , Sr based on isotope 
dilution analyses, (w. Compston, Department of 
Geophysics & Geochemistry, A.N.U.). Ba based on 
comparison of G1 with several artificially 
prepared Ba standards. P b , Zr based on values 
of Fleischer (1965).
J
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Ba, Pb and Zr were determined by X-ray fluorescence analyses 
(Philips all-vacuum, manual spectrograph) using the 
techniques of Norrish and Hutton (1964), Norrish and Chappell 
(1966), and the author is grateful for the instruction and 
assistance given by Drs B.W. Chappell and A.J.R. White, and 
Mr P.D. Palmer. Na and some K contents were determined by a 
Perkin-Elmer Model I46 flame photometer (double channel, Li 
internal standard), using the method of Cooper (1963), 
modified for the determination of both Na and K in the one 
solution. In all rocks, K was determined simultaneously with 
U and Th by Y-ray spectrometric analyses as described by 
Heier et. aJL. (1965)* Morgan and Heier (1966), (5x4,f 
Tl-activated NaCl crystal, 200 channel Model 34-8 R.I.D.L. 
pulse height analyser with type-writer readout).
The standards used for the X-ray fluorescence analyses 
are listed in Table 7« Na and K determinations by flame 
photometer have been standardized against artificially 
prepared solutions of a variety of concentrations. K 
determined by lf-ray spectrometry has been standardized 
against analar KBr, and gives very similar results to the 
flame photometric determinations in the range of concentra­
tions analysed (see Appendix C). U and Th have been 
standardized against samples of known U and Th contents 
supplied by the American Atomic Energy Commission.
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ries ul ts
The analytical data for the individual samples are given 
in Appendix D. Element ratios are given in Appendix E.
The numbers of analyses done are given in Table 8. The 
emphasis has been on K and certain trace elements, and a 
smaller number of major element analyses have been carried 
out. The major element analyses within the areas studied in 
some detail have been carried out on representative rocks 
selected on the basis of petrographic and field studies. The 
analyses have subsequently been weighted according to the 
relative abundances of the rocks to give the quoted averages. 
Thus even if the number of major element analyses within each 
area is small the weighted averages given in Table 9 are 
believed to be meaningful.
(i) Average composition of the southwest Australian Archaean
shield
Several authors have estimated major element compositions 
of crystalline shield regions (Sederholm, 1925; Grout, 1938; 
Poldervaart, 1955; Barth, 1961; Eade et al. , 1966). These 
diverse estimates give fairly consistent average compositions. 
A rough estimate for the Archaean rocks of the southwest 
Australian shield has been made here, based on previously 
published analyses (quoted in Wilson, 1958). This is given
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in Table 9* The Cape Naturaliste, Fraser Range, Musgrave 
Range, Eyre Peninsula and East Kimberley terranes were 
metamorphosed during the Proterozoic and are not included in 
the average. The relatively small number of analyses (25) 
used to obtain the average of this large area, and the fact 
that these analyses were not carried out specially for the 
present purpose, limit its significance, but it approximates 
previously published values for the shields of other 
continents.
Very few estimates of average trace element abundances 
in shield regions have been made. In this work the average 
K, Rb, Pb, Ba, Sr, Zr, U and Th contents in the Archaean 
rocks of the southwest shield have been estimated. These 
data are given in Table 10.
(ii) Average compositions of the medium to high pressure
granulite facies terranes
Average major element compositions of the Musgrave Range 
granulite facies rocks and Fraser Range granulite facies 
rocks are given in Table 9. The average trace element 
contents are given in Table 10. Hypersthene bearing granites 
(sensu lato) and anorthositic rocks are features of many 
medium to high pressure granulite facies terranes of other 
continents. For this reason the hypersthene granites and 
gabbroic anorthosites in the Musgrave Ranges are included in
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the average composition of this terrane although the 
hypersthene granites arc known to be younger than the 
basement rocks.
(iii) Average compositions of low pressure granulite and 
amphibolite facies terranes
The average major element compositions of the granulite 
and amphibolite facies rocks from the Cape Naturaliste block 
are given in Table 9. Their average trace element and K 
compositions are given in Table 10.
The average trace element and K compositions of the Eyre 
Peninsula granulite and amphibolite facies rocks are given in 
Table 10. No systematic study of the major element 
compositions of these rocks has been attempted, but the 
general similarities between the average trace element 
(except Zr) and K abundances indicate very similar average 
maj'or element compositions to the Cape Naturaliste area.
It is apparent that there are no maj'or differences 
between the average maj'or oxide compositions of the two 
metamorphic subdivisions at Cape Naturaliste. Also, the 
differences in the average trace element abundances are 
either reversed or non-existent at Eyre Peninsula, and thus 
are not considered of general significance. It is obvious 
that these two areas have distinctly higher contents of Si0 2 >
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K2O, Rb, ?b, U and Th than the medium to high pressure 
granulites of the Kusgrave Ranges.
Approximate average trace element and K abundances have 
also been calculated for the amphibolite facies metamorphic 
rocks and granites that are adjacent to the Musgrave Range 
granulites, and are given in Table 10. They also are more 
acidic than the granulites.
The majority of the ICalgoorlie-Norseman samples analysed 
for K, U and Th were supplied by Dr A. Turek. He made no 
special attempt to collect these rocks in the proportions in 
which they occur. Thus the rocks analysed are not necessarily 
wholly representative of the sediments, felsic igneous rocks, 
basic and ultrabasic rocks that are present in this area, and 
only a rough overall average composition can be estimated.
The analyses were averaged in the proportions given in 
Chapter 4> and the mean abundances derived are: K 1.6$,
U ^  l.lppm, Th 5«6ppm.
Average compositions of the Fraser Range amphibolite 
facies rocks, and the East Kimberley low pressure granulites 
cannot be estimated because of the small number of analyses, 
and the uncertain rock proportions.
(iv) Features of pegmatold rocks in low pressure terranes
The geochemistries of a typical concordant pegmatoid 
rock (sample number 5185) and its host gneiss (sample number
TABLE 11. Approximate modal analyses of host rock 
and pegmatoid
TABLE 12. Major element compositions of host rock 
and pegmatoid
TABLE 13* Trace element compositions of host rock 
and pegmatoid
TA ULE 12 TABLE 13
Ma j or 
Oxide
Host
rock Pegmatoid
Trace
Element
Host
rock Pegmatoid
Si02 70.69 71.41 Ba 915 529
A12°3 13.07 13.Ö5 Co 5 4
Fe2°3 3.77 2.08 Cr tr tr
MgO .40 .18 Cs 1 1.5
CaO 1.79 1.65 Cu 5 5
Na20 2.61 2.63 Ga 18 18
k 2° 5.46 6.03 La 117 77
Ti02 .43 .13 Li 17 16
MnO .03 . 02 Nb 33 tr
p2o5 . 22 .25 Nd 65 60
Ni 4 tr
Pb 36 59
Rb 243 279
Sc 5 5
Sr 106 99
Th 27 79
U .7 6.8
V 12 7
Y 71 67
Zr 334 85
TABLE 1 1
Mineral
Host
rock Pegmatoid
Quartz 37 40
Alkali
Feldspar
35 40
Plagioclase 14
( Aby2)
11
(Ab74)
Biotite 7 5
Hornblende 5 4
Garnet 1 tr
Opaque l-t-*■2 tr
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5 1 8 4 )  from the Cape Naturaliste block have been investigated. 
Moderately coarse-grained rocks (pegmato.ids) are frequently 
developed in felsic low pressure amphibolite and granulite 
facies gneisses. Many of the pegmatoids are constrained 
within particular gneiss bands and appear to have developed 
from the host rock by metamorphic rsweating out’ , or partial 
melting. The pegmatoid mineral assemblage is typically 
identical to that of the host rock, but with slightly lesser 
amounts of ferromagnesian minerals and correspondingly higher 
quartz and alkali feldspar contents (Table 11). Major 
element analyses, Table 12, show that the pegmatoid has 
signif5.cantly higher Si, K, Na and Al, but lower Fe, Mg, Ca, 
Ti and Mn than its host rock. The trace element analyses, ' 4 
Table 13} demonstrate that Rb, Cs, Pb, and particularly U and 
Th are concentrated in the pegmatoid.
If  significant amounts of a vapour phase or partial melt 
of this general pegmatoid composition were removed during 
metamorphism, the residual metamorphic rocks could have the 
chemical features found in the medium to high pressure 
granulite facies terranes.
Tc
Co, Cr, Cs, Cu, Ga, La, Li, Nb, Nd, Ni, Sc, V and Y were 
determined by emmission spectrography. Samples were prepared 
and analysed using the methods described by Kolbe and Taylor 
(1966), (Hilger E.478 spectrograph for Cs, Jarrell-Ash Ebert 
grating spectrograph for other elements).
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(v) Element ratios in the rocks
In most igneous and many sedimentary rocks the contents 
of the trace elements Rb, Pb, Ba, U and Th are roughly 
related to the K contents. The geochemistry of these elements 
has been considered in detail by Taylor (1966). Rb+ shows 
the best relation because it has very similar ionic radius 
and electronegativity to K+. Most crustal rocks have K/Rb 
ratios in the range 150 to 300 (Ahrens et. aJL. , 1952; Ahrens 
and Taylor, i960). Basalts and andesites may have higher 
ratios (Lessing et, al.. , 1963; Taylor and White, 1965* 1966; 
Ewart and Stipp, in preparation). Pb^+ has an ionic radius 
intermediate between those of K+ and Ca^+f and enters alkali 
feldspar, biotite and plagioclase. The K/Pb relation is 
masked where Pb enters sulphide phases, and may therefore be 
obscured in many silicate rocks. Ba is virtually a major 
element in alkali feldspars and shows only a rough relation­
ship with K. The relation often observed between Th and U on 
the one hand, and K on the other, is not explained by any 
crystallo-chemical similarities, but rather by the fact that 
all tend to be concentrated in felsic rocks.
Tables 14-20 give the average K/Rb, K/Pb, K/Ba,
(U/K)x104, (Th/K)xl0--, Th/U and Rb/Sr ratios of the rock 
types of each grade in the various areas. Greenstones are 
included in the southwest shield averages for K/Rb, Th/K,
TABLES 14-21. Average element ratios.
Numbers in parentheses are standard errors of the means
-----Z  2x - x
n(n-l)
, (where x = individual analysis,
x = arithmetic mean of analyses in group, 
n = number of samples in group).
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Figure 3
K/Rb ratios for rocks in the areas sampled:
A = acid, SA = sub-acid, I = intermediate, B = 
basic, HG = hypersthene granite, C = granite,
GA = gabbroic anorthosite, GST = greenstones and 
associated rocks; SED = sediment, AI ■ felsic 
igneous. MUSG. RA. = Musgrave Range, C. NAT =
Cape Naturaliste, KIMB = east Kimberley granulites 
S-W SHIELD = Archaean surface rocks of southwest 
shield including the greenstones, GREENSTONES etc. 
= rocks from Kalgoorlie-Norseman area.
Vertical dashed lines indicate limits of ’normal’ 
K/Rb ratios.
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Figure d
(Th/K)xlC)4 ratios for individual rocks in the 
areas sampled. Abbreviations as for fig. 3•
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Figure 5
(U/K)x K)4 ratios for individual rocks in the 
areas sampled. Abbreviations as for fig, 3*
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U/K and Th/U ratios. The greenstone and associated rock 
ratios are also set out separately in Table 21 and figs. 3?
4 and 5, where they are divided into sediments, felsic 
igneous and basic groups.
Several additional low pressure granulite facies 
terranes in the southwest shield have been studied, but not 
in any detail. The terranes are Northampton, Dangin, York, 
Albany and Esperance. Dangin and York are also included in 
the southwest Archaean shield. The analyses of the rocks 
from these areas are set out in Appendix D, and the element 
ratios are set out in Appendix E.
It is clear from Tables 14f 17 snd 18 that the sub-acid 
and intermediate granulites in the Musgrave and Fraser Range 
areas have significantly higher K/Rb ratios and markedly 
lower (Th/K)xl04 and (U/K)xlo4 ratios than otherwise similar 
low pressure granulites, amphibolite facies and southwest 
shield rocks. In other words, these medium to high pressure 
granulites are depleted in Rb, Th and U relative to K.
The Rb, Th and U depletions are emphasized in figs. 3> 4 
and 5* It is obvious from these diagrams that the depletions 
are statistically significant. In fig. 3 the vertical dashed 
lines indicate the limits of ’normal1 K/Rb ratios. The limits 
for ’normal’ (Th/K)xl04 ratios are not so well defined.
Ileier and Rogers (1963) suggested an average (Th/K)xl()4 ratio
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of about 5 in Tgranitic* rocks, decreasing to between 2 and 3 
in basaltic rocks (though there was a considerable spread of 
values). In the Musgrave and Fraser Range areas, some of the 
acid granulites, and almost all of the sub-acid and intermed­
iate granulites have K/Rb ratios higher than 300, and 
(Th/K)xl0‘- ratios much lower than 5« In contrast, the felsic 
low pressure granulites and amphibolite facies rocks from the 
other areas, have Tnormal* K/Rb ratios and high (Th/K)xl04 
ratios. Felsic rocks from the low pressure Kimberley and 
Kalgoorlie terranes have *normal* K/Rb and (Th/K)xl04 ratios. 
Felsic rocks from the Northampton, Dangin, York and South 
Coast areas also have * normal* ratios (Appendix E).
It is noteworthy that the K/Rb, and Th/K ratios in basic 
rocks from each metamorphic grade are quite variable. These 
may be pre-metamorphic features. Unmetamorphosed basic rocks 
can have high K/Rb, and low Th/K ratios, e.g. Kalgoorlie 
greenstones.
Iieier and Rogers (1963) found an average (U/K)x 104 ratio 
of about 1.2 in granitic rocks, and many workers have recorded 
Th/U ratios near 4 in a variety of rock types. It is 
apparent from fig. 5 and Table 17 that the (U/K)x 1()4 ratio is 
at a minimum in medium to high pressure granulite facies 
rocks. However this ratio is often sign.ificantly less than 
1.2 in low pressure granulite and amphibolite facies rocks.
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It is further apparent from Table 19> that Th/U ratios are 
very variable, and frequently much greater than 4 in the low 
pressure metamorphic rocks. This ratio is generally lower in 
the medium to high pressure granulite facies rocks. The 
observed U/K and Th/U ratios indicate that U behaves somewhat 
differently from Th in metamorphic rocks. U is relatively 
lower in low pressure granulite and amphibolite facies rocks 
than in unmetamorphosed igneous rocks. The explanation is 
probably related to the oxidation of U to the water soluble 
U0^+ ion. This process can fractionate U from Th, which is 
readily oxidized. It is likely that oxidation and leaching 
of U occurs to some extent during low pressure metamorphism 
(Lambert and Ileier, 1967). However, as is the case with Th, 
the major depletion in U occurs under medium to high pressure 
granulite facies conditions.
A possible depletion of Pb in the felsic medium to high 
pressure granulites is indicated by a tendency for higher 
K/Pb ratios in these rocks. The variability of the K/Pb 
ratios however places doubt on the significance of this 
depletion and it should be investigated further.
The K/Ba ratios are variable and show no consistent 
significant changes with metamorphic grade.
Average Rb/Sr ratios are given in Table 20. The 
granulite facies rocks of the Musgrave Range, excluding the
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basic rocks, have lower Rb/Sr ratios than the low pressure 
granulite facies rocks of the other areas. The Fraser Range 
granulites have higher values than the Musgrave Range 
granulites for this ratio. It was demonstrated above that 
the granulites from both the Musgrave and Fraser Range areas 
are depleted in Rb. It follows therefore, that the Fraser 
Range must be similarly depleted in Sr. The Sr concentrations 
in the Fraser Range granulites are low when compared with the 
average rock concentrations listed by Turekian and Kulp 
(1956). Heier (1964? 1965a) studied mineral reactions taking 
place during progressive regional metamorphism and argued 
that the trends were towards loss of Rb. The important 
mineral reactions, including melting, that take place in 
silicate rocks under high grade metamorphism will rather tend 
to concentrate Sr in the residual high grade metamorphic 
rocks, and high Sr contents are known from granulite facies 
rocks elsewhere (Howie, 1955; Heier, i960). It is 
tentatively suggested that the trend towards low Rb/Sr ratios 
shown by the Musgrave Range granulites is the TnormalT trend 
and the higher Rb/Sr ratios and low Sr contents of the Fraser 
Range granulites is an inherited primary feature of these 
rocks.
The average Rb/average Sr ratios (calculated from 
abundances given in Table 10) are also shown in Table 20.
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With the exception of the Musgrave and Fraser Range 
granulites, the average R.b/average Sr ratios are significantly 
higher than the estimates of Faure and Hurley (1963) for 
igneous rocks in the continental shield as well as the 
overall continental crust (in both cases Rb/Sr = 0,20). It 
is evident that this difference cannot be rectified by any 
reasonable adjustment to the relative proportions of the rock 
types in these areas.
Conclus ions
(i) Average compositions of amphibolite facies terranes. 
granullte terranes and the southwest shield 
There do not appear to be any consistent and 
significant differences in the average major and trace 
element compositions of the upper amphibolite facies rocks 
and low pressure granulites in the typical felsic terranes 
studied.
The average composition of the Musgrave Range 
granulites is distinctly less TacidT than those of the common 
low pressure granul.ite and amphibolite facies terranes, and 
the average shield composition. The medium to high pressure 
granulites have extremely low contents of U and Th, and 
relatively low abundances of Rb (and probably Pb).
Zr is extremely variable in all metamorphic grades, and
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usually bears no relation to the U and Th contents. This 
indicates that most of the U and Th is not in zircon.
(ii) .Relative fractionation of certain trace elements during
hlrh grade regional metamorphism
The K/Rb, U/K, Th/K (and possibly also the K/Pb) ratios 
of the medium to high pressure granulites of sub-acid to 
intermediate compositions differ from the ratios found in 
the low pressure granulites, amphibolite facies rocks, and 
the overall southwest shield. The ratios indicate that Rb, U 
and Th (and possibly Pb) are depleted relative to K in the 
medium to high pressure granulites. The very marked 
depletions in U and Th are consistent with deductions from 
observed surface heat flows (see Chapter 8). The high K/Rb 
ratios in medium to high pressure granulite facies rocks is 
of considerable interest. It could greatly affect estimates 
of the overall Rb content in the crust, and thereby its total 
terrestrial abundance (Chapter 9).
Two points should be emphasized. One is that the very 
acid rocks in pyroxene granulite terranes are not as 
consistently depleted in U, Th, Rb (and Pb) as the 
intermediate and sub-acid rocks. On the other hand, these 
elements are not particularly enriched in the very felsic 
granulites while such enrichment is frequently observed in 
rocks of similar chemistry crystallized at higher crustal
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levels. The other point is that basic rocks in all the 
metamorphic grades studied have widely varying K/Rb, U/K and 
Th/K ratios. The same range of variation is observed in 
unmetamorphosed basic rocks. Thus there is no evidence for 
significant losses of Rb, U and Th from the basic rocks 
during metamorphism.
Similar low U and Th contents and high K/Rb ratios to 
those of the sub-acid and intermediate pyroxene granulites 
have not been recorded in common upper crustal rocks.
Although certain andesites and basalts can have high K/Rb and 
K/Pb ratios, there are no examples of calc-alkaline rocks 
with K and SiC>2 contents as high as those of the granulites 
that shoxtf consistent depletions in Rb and Pb, and also have 
very low U and Th contents.
(iii) Trends in element abundances with dentil in the 
continental crust
It is considered that the differences in chemistries 
between the medium to high pressure granulite facies rocks 
and the more common shield rocks are indicative of similar 
trends with depth in the continental crust. On this model 
there is a trend towards lower abundances of Th, U, Rb, (Pb), 
Si, K and related elements, and higher abundances of Ca, Mg, 
Fe, Tin, Ti, etc., with increasing depth in the shield crust. 
This is in accord with most assumptions about the chemical
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nature of the crust. For example, the experimental data 
presented in Chapter 2 suggest that a lower crust of overall 
intermediate composition crystallized to high pressure 
granulite facies or eclogite facies would satisfy the 
observed seismic velocity profiles. Also, the marked 
concentrations of U and Th in the upper crust can be 
predicted from the measured surface heat flows (see Chapter 8).
Previous work related to the present studies
A number of workers have previously looked for chemical 
changes during progressive metamorphism. Shaw (1954> 1956) 
studied the behaviour of trace and major elements in pelitic 
rocks during regional metamorphism to upper amphibolite 
facies. He concluded: Tthe evidence suggests that the only 
usual change in composition during the regional metamorphism 
of shales is loss of water and carbon dioxideT. Chinner 
(I960) and Phinney (1963) concluded that upper amphibolite 
facies pelitic schists had not been open systems to oxygen 
during metamorphism.
Engel and Engel (1958, I960) studied the migration of 
elements in middle amphibolite to hydrous granulite facies 
rocks in the northwest Adirondack Mountains, New York. They 
noted decreases in H2O, K, Si, F e ^ + , and complementary
O Xincreases in Al, Fe^ , total Fe, Mg, Ca, Cr, Ga, Ni, V in the
65
granulite facies rocks. They noted that the mobilized K and 
Si were partly trapped in veinitic migmatite (i.e . do not 
leave the metamorphic environment). Low pressure minerals 
have not been recorded in this region, and Engel and Engel 
estimate the metamorphism took place at depths of about 5 to 
7 miles and temperatures ranging from 500-600°C.
Heier (I960, 1964; Heier and Adams, 1965 ) studied the 
geochemistry of what he termed amphibolite facies, low 
granulite facies, and high granulite facies rocks from a 
restricted geographical area in northern Norway. His results 
indicated that Th, U and Rb were distinctly lower in the high 
granulite facies (equivalent to the medium to high pressure 
granulites of this thesis) than in the other two facies of 
this area. There was an indication that the low granulite 
facies rocks (hydrous granulite facies) might have slightly 
lower abundances of these elements than the amphibolite 
facies rocks. This work of Heier provided the firs t real 
indication of very large depletions in some elements in 
certain granulite facies rocks. His conclusions were based 
on analyses of a relatively small number of samples, but they 
have noiv been substantiated and developed further by the data 
in this thesis from the two medium to high pressure granulite 
facies terranes in Australia. Work at present being carried 
out by Heier on additional high grade metamorphic rocks from
northern Norway further substantiates his earlier 
conclusions.
Eade et al. (1966) discussed the abundances of major 
elements, and Fahrig et al. (1967) discussed the abundances 
of K, U and Th in amphibolite and granulite facies rocks from 
a large region of New Quebec in the Canadian shield. Low 
pressure minerals have not been recorded in the granulite 
facies rocks, but biotite and hornblende are very common.
The average major element compositions for the amphibolite 
and granulite facies rocks are reproduced in Table 9. Eade 
et al,. claimed that the slightly lower Si02 anc* ^2^ contents 
of the granulite facies rocks are probably significant. The 
average radioactive element abundances in this region are:
K.% Uppm Thppm
Granulite facies: 2.2 0.8 7.1
Amph ib ol it e facies: 2.4 1.3 9.6
Fahrig et aJL. considered the slightly lower values of K, U 
and Th in the granulite facies rocks should be significant.
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PART II: Chemical evolution of the continental crust 
Intro due t 1on
The granitic rocks of the southwest Australian shield 
often have greater abundances of granitophile elements," 
particularly Th, K, and Si, than younger (high-level) 
granites. This is shown in Table 22, where the relative 
proportions of granitic rocks with high contents of K, Rb,
Th, Si02 ancl U in the shield and East Australia are compared. 
The analyses of the Palaeozoic granites are from Chappell 
(1966, New England, N.S.T7.), and Kolbe and Taylor (1966,
Snowy Mountains, N.S.W.). High Rb contents are common in 
both the shield and the Palaeozoic granitic rocks. U is not 
as abundant in the majority of the shield granitic rocks as 
in the Palaeozoic granites, presumably because of oxidation 
and leaching, which tend to concentrate U upwards in the 
crust (see above).
It is well established that acid and sub-acid felsic 
rocks in general are more common in shields than younger 
continental regions (see, for instance, Poldervaart, 1955)* 
No estimates of average element abundances in the rocks
*
Granitophile is a general term used to describe elements 
that are enriched in granitic rocks (Si, K, Rb, Pb, Ba, U, 
Th, Cs, etc•).
TABLE 2 2 .  P r o p o r t i o n s  o f  g r a n i t i c  r o c k s  w i t h  
h i g h  c o n t e n t s  o f  K, R b ,  T h ,  S iC ^  a n d  U.
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outcropping in eastern Australia are available. However, 
Poldervaart (.q d. cit.) has given estimates of Si02 and K20 
for the near surface rocks in the typical young folded belt. 
Th, U and Rb have been calculated from his K content, by 
assuming Tnormal’ Th/K, U/K and IC/Rb ratios (given 
previously). Table 23 compares these estimates with the 
average abundances for the southwest Archaean shield rocks 
(from Table 9> 10).
TABLE 23
Southwest Young folded belt
Archaean Shield (based on
Poldervaart,1955)
Si02^ 66 57
YL% 2.6 2.1
Th ppm 20 10
U ppm 3 2.5
Rb ppm 115 95
It is concluded that the shield surface over much of 
southwestern Australia represents a layer in the crust 
containing much greater concentrations of most granitophile 
elements than the crust beneath it, and in addition 
significantly greater concentrations than the crustal rocks 
exposed in younger areas.
Figure 6
Model for the chemical evolution of the
continental crust
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i'odel for the re ocher leal evolution of the continental crust
The crustal model favoured here is summarized in fig. 6. 
Like most models it is simplified, but it is believed to be 
an essentially correct working model for the calculations to 
be carried out in Chapters 8 and 9« it is considered that 
large volumes of igneous rocks fractionate from the mantle at 
the initial stages of the formation of new continental crust. 
These are mixed with erosion products derived from 
pre-existing crust. Though there may be some differences in 
granitophile element abundances from top to bottom of the 
newly evolving crust, they must be very much smaller than the 
differences in the established crust (fig. 6a). Metamorphic 
processes, including melting, affect this material during 
orogenic periods when geothermal gradients are elevated. The 
granitophile elements move upwards from regions of high grade 
metamorphism by rielt and/or vapour phase transport. They tend 
to concentrate at levels where they again enter a stable 
environment. These levels have higher abundances of 
granitophile elements than the near surface regions of the 
younger crust, which are dominated by sedimentary and 
volcanic rocks (Poldervaart, £ 12. cit. ) (fig. 6b). A stable 
shield region is eventually developed when (l) addition of 
neiv material from the mantle has ceased, (2) the upward 
concentrations of granitophile elements in the crust have
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been completed, and (3) the sedimentary and low grade 
metamorphic rocks typical of younger areas have been eroded 
off, exposing higher grade metamorphic rocks (fig. 6c).
In Australia, the crust has similar thickness under the 
Archaean shield and the Palaeozoic rocks (Doyle and 
Everingham, 1964; J. Cleary and R. Underwood, A.N.U., 
personal communication). This implies: (l) the Precambrian 
shield crust was originally thicker than that of the younger 
crust, and/or (2) the shield crust has been 1 tectonically 
thickenedT by thrust faulting and isoclinal folding, and/or 
(3) additional material ivill be added to eastern Australia 
before a stable shield finally forms there.
CHAPTER 7
Mineral Chemistries 
PART I: Feldspar geothermometers
The work on coexisting feldspars presented in this 
section was done jointly with Dr D. Virgo, who had just 
completed some similar studies for his Ph.D. at the 
University of Adelaide (Virgo, 1966). The feldspar 
separations and chemical analyses were shared equally between 
us. The particular aim of these studies was to establish the 
relative temperatures of metamorphism in low pressure, and 
medium to high pressure granulite facies terranes.
Introduction
Barth (1956, 1962) used the distribution of albite 
between coexisting feldspars as an indicator of the lowest 
temperature at which the minerals were in equilibrium. 
Although his albite geothermometer has been criticized (e.g. 
Dietrich, 1961), Barth must be given the credit for 
initiating serious studies of element distributions in 
silicates as natural geothernometers.
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The basis for these studies is given by the Distribution 
Law, formulated by van*t Hoff and amended by Nernst. A 
statement of this law is that: for ideal (dilute) solutions a 
dissolved solute distributes itself between two solvents in a 
constant ratio at constant temperature and pressure; each 
solute will distribute itself independently of other solutes 
present. This can be written as
nol fraction X in A 
mol fraction X in 3 Km, at constant pressure, (i)
where X = solute distributed between two solvent phases, 
A and B;
Kt = distribution ratio at temperature T, and 
constant pressure, (a constant).
In geologic systems, neither pressure nor bulk 
composition can be expected to be constant, and these may 
influence the distribution ratios. Ramberg and de Vore 
(1951) and Kretz (1961) have considered the pressure 
dependence of distribution ratios. For the general 
partitioning reaction,
AM + BN —►  BM + AN,
the influence of pressure on the distribution ratio is given 
by a relation of the form:
a v (p2-Pi)/rt
K2 = Ki e
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where K2 and are distribution ratios at pressures P2 and 
P-j , respectively, and A V  is the molar volume change of the 
partitioning reaction. For an ideal solution A V  = 0.
Ramberg and de Vore calculated that large pressure 
increases have only a snail influence on the distribution of 
Fe and Mg between olivine and orthopyroxene (because is
small). Kretz also demonstrated a small pressure effect on 
the partitioning of Fe and Mg between orthopyroxene and 
clinopyroxene. The pressure influence should be evaluated 
separately for every mineral pair being considered as 
possible geothernometers• Where A V  is large (far from ideal 
solutions) pressure changes will cause large changes in the 
distribution ratios•
Composition effects are important in many cases. The 
distribution of an element, X, between minerals A and B is 
dependent on the energies and geometries of the lattice sites 
in which X is accommodated. Most common rock forming 
minerals are members of solid solution series. The lattice 
site energies of minerals A and B must vary with the 
composit ions of the minerals (i.e. with the bulk rock 
chemistries). Therefore the distribution ratio of X at 
constant temperature cannot safely be expected to remain 
constant with different rock compositions.
The Distribution Law is applicable only to dilute 
solutions. At higher concentrations the solutions become
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non-ideal and the T mcl fraction XT in equation (1) must be 
replaced by the (unknown) f activity Xf. The solute 
concentrations at which the Distribution Law fails are not 
known, and must vary with different solutes. For this reason 
trace element distributions are obviously more likely to 
follow the Distribution Law than major element distributions.
Albee (1965) observed that the distribution of an 
element between two coexisting minerals can be modified in 
rocks where a third mineral is developed that readily 
accommodates the partitioning element. There are two 
possible explanations for this observation - either or both 
may apply: (l) the introduction of the third mineral at 
constant temperature and pressure implies bulk rock 
composition changes; (2) if the concentration of the 
partitioning element in the rock remains constant, its 
concentrations in the partitioning phases will be lowered by 
the introduction of a third phase.
To evaluate the possible use of the distribution ratio 
of a particular element between a mineral pair as a 
geothermometer it is necessary to establish if (1) there is 
an equilibrium distribution independent of bulk chemistry, by 
analysing the mineral pair in spatially related rocks of 
varying chemistries which formed at the same temperature;
(2) the equilibrium distribution ratio shows significant
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changes with temperature, by analysing the mineral pair in 
rocks known to have formed at different temperatures. It 
appears that the distributions of trace elements which 
readily enter two minerals only are the most likely to 
provide the best guide to the temperatures at which these 
minerals were last in equilibrium. The distribution of Sr 
between coexisting feldspars satisfies these prerequisites. 
Heier (I960, 1961) and Barth (1961) suggested that the 
partitionings of Sr and Ba between feldspars are temperature 
dependent. However it is only recently that analytical 
techniques have become refined enough to measure trace 
elements with the desired accuracy. Virgo (1966, 1967) 
studied the Sr distribution in several metamorphic terranes, 
and concluded it changes regularly with metamorphic grade 
(temperature)•
The present work is mainly an attempt to use the strontium 
feldspar (SrF) geothermometer to establish the relative 
temperatures of formation of the low pressure granulites at 
Cape Naturaliste, and the medium to high pressure granulites 
at Fraser Range and Musgrave Range. The distribution of 
other elements in the feldspars studied are also considered 
briefly.
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Sample preparation and analytical techniques
The rocks studied were generally medium grained.
Electron microprobe traverses showed no zoning of the 
plagioclases (Virgo, personal communication). The rocks were 
passed through coarse and fine steel jaw-crushers and then 
ground between revolving steel plates. The resulting crushed 
rock varied in grain size from sand size to very fine powder. 
It was seived, and each fraction was studied optically. 
Feldspars were separated from the fraction in which the 
grains were much larger than the perthitic intergrowths, and 
there was a minimum of composite grains.
The selected fraction was washed in an ultrasonic 
vibrator to get rid of fine adhering dust, dried, and then 
passed through a magnetic separator. The non-magnetic 
fraction was centrifuged in tetra-bromo-ethane, diluted with 
acetone. The first fraction floated off was the alkali 
feldspar; this was readily obtained in high (98-100$) 
purity. However it was difficult to separate plagioclase 
from quartz in most samples. This does not matter because 
the proportion of quartz can be allowed for when the 
concentrate is analysed for cations and recalculated to 100$ 
plagioclase. The feldspars were ground under acetone in an 
agate mechanical mortar and pestle for about one hour, and 
their final grainsize was 50 u.
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Na and K were determined on a Perkin-Elmer flame photo­
meter using the Internal Standard Procedure of Cooper (1963)* 
modified for the analyses of both Na and K in the one 
solution. Ca, Rb, Sr, Ba and Pb were determined by X-ray 
spectroscopy (see Appendix C). Mass absorptions for Rb, Sr 
and Pb radiation were measured directly using the method of 
Norrish and Chappell (1966). The undiluted feldspar powders 
were then compressed into disks, encased in inert boric acid 
powder for strength. The procedure for making these pellets 
was similar to that described by Norrish and Chappell (1966), 
except that the diameter of the sample was only . This 
meant that .5 gram of sample was adequate to exceed the 
critical thickness for all the wavelengths measured. Special 
sample holders were made for these pellets; they had a copper 
mask with a central hole of slightly less than diameter. 
This mask covered the rather ragged sample - boric acid 
interface, and effectively focussed the X-ray beam on the 
sample. The Cu holders containing pure silica glass were 
scanned in the vicinity of each wavelength measured. No 
major interferences were observed from Cu or other elements 
in the mask, but Pb from the collimators had to be allowed 
for in the Pb analyses.
In this mineral work, Ca was determined in the finely 
ground powders. Ca contents were read off a calibration
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graph constructed from a number of standard feldspars 
analysed titrimetrically by Virgo (1966). Bromine 
contamination of the feldspars (from the heavy liquids) gave 
rise to a bromine peak beside the Pb peak, and it is necessary 
to measure the background radiation at some distance from 
this.
Results
The cation analyses and the mol% feldspar components of
the alkali feldspars are set out in Table 24• The cation
analyses of the plagioclase plus quartz fractions, and the
calculated mol/6 feldspar components are set out in Table 25*
The feldspar components calculated are: KAlSi^Og,(Or),
NaAlSi^Og, (Ab), C a A ^ S ^ O g  , (An) , SrAl2Si20g, (SrF) , RbAlS^Og,
(RbF), BaAl2Si20g,(BaF), and PbAl2Si20g,(PbF). The
distribution ratios for each feldspar compenent, e.g.
Kd(SrF) = mol^ SrF in alk.feld. f 
mol/6 SrF in plag.
are given in Table 26, along with relevant element 
abundances in the host rocks.
Discussion of results
(1) Strontium feldspar distribution
It is apparent from Table 26 that there is a very close 
approach to an equilibrium distribution of strontium between
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the feldspars. The distribution ratio is constant in 
isofacial rocks. The precision of each Sr analysis is better 
than -2%. The total error in each Sr determination is 
probably a maximum of -4%> after allowance is made for the 
samples not being 100% pure. Thus the maximum errors in the 
distribution ratios should be -8%.
The Cape Naturaliste samples have an average Kd(SrF) of 
1.21, with a standard deviation, CT”, of approximately .06.
(This excludes sample 5211, in which the feldspars are 
extensively altered, and the development of sphene around the 
opaque mineral grains suggests the rock has retrogressed from 
granulite to amphibolite facies.) The distribution ratios in 
the upper amphibolite and granulite facies samples in this 
area are essentially identical. The Fraser Range feldspars 
have a significantly higher distribution ratio of 1.41 with a 
standard deviation of .04. These distributions are plotted 
in figs. 7 and 8. The dotted lines on both sides of the line 
of best fit are the approximate error limits (-8%). It is 
apparent that the spread of the measured distribution ratios 
is probably within the analytical accuracy.
Virgo (1966, 1967) obtained analogous distribution 
ratios in rocks of similar metamorphic grades in other terranes, 
In middle and upper amphibolite facies rocks in the Adelaide 
Hills (South Australia) he found Kd(SrF) varies from 0.75 to
Figure 7
Distribution of strontium feldspar between 
coexisting plagioclases and alkali feldspars 
from Cape Naturaliste.
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Distribution of strontium feldspar between 
coexisting plagioclases and alkali feldspars 
from Fraser Range.
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1.04. At Broken Hill he found Kd(SrF) increased from .9 in 
the upper-middle amphibolite facies to 1.25 in the low 
pressure granulite facies. At Musgrave Range he found 
Kd(SrF) in the medium to high pressure granulites is 1.48.
The general picture which emerges from these data is that 
Kd(SrF) increases from about 0.9-1.0 in upper-middle 
amphibolite facies, to 1.15-1.25 in upper amphibolite facies 
and low pressure granulite facies, and to 1.4-1*5 in the 
medium to high pressure granulite facies. In other words, Sr 
is preferentially accepted into alkali feldspar in this 
sequence of metamorphic grades.
It appears from the observed constancy of Kd(SrF) in 
isofacial rocks that the bulk chemistries of the host rocks 
(i.e. the major element compositions of the coexisting 
feldspars) do not substantially affect the SrF distributions, 
at least in the range of compositions investigated. The 
scatter of the distribution ratios about the mean value in 
each area may be in part the result of compositional 
differences, but this scatter is very limited.
The possible pressure effects on Kd(SrF) cannot be 
considered in detail. The partitioning of Sr between 
coexisting feldspars can be considered in terms of reactions 
of the type:
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AlkF + SrF — ► (Alk, Sr)F,
P1F + SrF — *• (PI, Sr)F,
inhere AlkF = alkali feldspar, SrF = strontium feldspar,
P1F = plagioclase feldspar, (Aik, Sr)F and(Pl, Sr)F are 
solutions of SrF in alkali feldspar and plagioclase* A V  
values for these reactions are unknown, and the influence of 
pressure cannot be estimated. The pressure effect is 
neglected as a first approximation.
The temperature dependence is evident from the following. 
Virgo (1966) has measured Kd(SrF) values around 0.95 in 
upper-middle amphibolite facies rocks (sillimanite-muscovite 
zone) in the Adelaide Hills (South Australia). Mills (1964) 
recorded an example of coexisting andalusite, silldmanite 
and kyanite (apparently in equilibrium) associated with the 
rocks Virgo studied. This indicates crystallization near the 
A^SiO^ triple point. The best available estimate of the P-T 
conditions at this triple point appears to be that of Newton 
(1966), who places it in the vicinity of 475 °C and 3 kb. At 
Cape Naturaliste, where the average ICd(SrF) is 1.21, there 
are indications of incipient melting at a few localities. In 
several acid rocks, fayalite and plagioclase coexist in the 
absence of garnet. Green and Ringwood (1967) have found 
experimentally that plagioclase and fayalite react to form 
garnet at about 8 kb at 1000°C. They have not investigated
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this reaction at other conditions. However, they note that 
solid-solid reactions involved in the basalt eclogite 
transformation all have an average slope near 20 bars/°C.
The temperature of metamorphism at Cape Naturaliste is 
apparently near the temperature of beginning of melting in 
wet acid rocks, and is probably in the vicinity of 625°C. 
Assuming the average slope for solid-solid reactions, the 
fayalite reaction should occur at only a few kilobars at this 
temperature. Thus the pressures of metamorphism at Cape 
Naturaliste and the Adelaide Hills appear to have been 
similar, but the temperature at Cape Naturaliste was higher.
The fact that this higher temperature is reflected in higher 
Kd(SrF) values at Cape Naturaliste, indicates that the 
partitioning of SrF is temperature sensitive. The magnitude 
of the observed change in Kd(SrF) appears to render it a 
suitable geothermometer. Slade (1967) recorded an identical 
increase in Kd(SrF) with increasing temperature in hydrothermal 
experiments on artificial feldspars.
It is thus concluded that the medium to high pressure 
granulites at Fraser and Musgrave Range were last in 
equilibrium at higher temperatures than the low pressure 
granulite and amphibolite facies rocks at Cape Naturaliste 
and Broken Hill. An uncertainty with any geothermometer is 
just what temperature is being measured. This depends on the
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cooling history of the rocks concerned, Dietrich (i960). Such 
geothermometers are really only meaningful when it can be 
assumed that the temperature recorded is to a first approxi­
mation equal to (or proportional to) the temperature of the 
last major metamorphic or igneous event which affected the 
rocks concerned. If this is assumed in the present examples, 
it follows that the medium to high pressure granulite facies 
rocks were metamorphosed at significantly higher temperatures 
than the low pressure granulites and upper amphibolite facies 
rocks. The latter two facies record essentially the same 
temperature at Cape Haturaliste. This may indicate that (i) 
both grades were metamorphosed at about the same temperature, 
but different water pressures, or (ii) the strontium 
distribution recorded in these granulites occurred at 
temperatures lower than that of the granulite metamorphism.
If (ii) is the case, the Kd(SrF) values would be expected to 
be rather variable, with the highest value indicating the 
probable temperature of granulite metamorphism. The highest 
ratio is 1.29 which is still significantly less than the 
medium to high pressure granulite facies ratios at Fraser and 
Musgrave Ranges.
(2) Calibration of the strontium feldspar geothermometer
Barth (1956, 1962) has shown that the distribution ratio 
varies with temperature according to a relation of the form
Figure 9
Qualitative calibration of strontium 
feldspar geothermometer.
Iin fo oj
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ln K2 = ln Kx - A E/RT,
where and K2 are distribution ratios at temperatures 
and T2, and /\E is difference in lattice energy between one 
mole of solute dissolved in the two solvents (approximately 
constant). This equation indicates that a plot of In ICp yg, 
1/T should be a straight line. Thus to calibrate a 
geothermometer based on element partitioning between 
coexisting minerals, it is necessary to know the temperatures 
of equilibration of a number of rocks having a variety of 
distribution ratios.
A qualitative calibration of the SrF geothermometer has 
been attempted here using the temperatures quoted above for 
Cape Naturaliste and the Adelaide Hills. These were 625°C at 
Cape Naturaliste, where Kd(SrF) = 1.21, and 475°C at Adelaide 
Hills, where Kd(SrF) = 0.95* A straight line has been drawn 
through these two points in fig. 9. On this plot, a Kd(SrF) 
value of 1.41 (Fraser Range) corresponds to a temperature ofnaoabout fS^ 5l0C, and a Kd(SrF) value of I.48 (Musgrave Range) 
corresponds to about l-Q^OpC. It is obvious that these 
temperatures are suspect because (l) the calibration 
temperatures are not known with sufficient accuracy, (2) only 
two calibration points have been used, (3) the uncertain 
influence of pressure on Kd(SrF) has been assumed to be 
small, and (4) the ICd(SrF) values measured may not reflect 
the highest temperatures of metamorphism.
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(3) Partitioning of other elements between feldspars
(A) Major elements
All the major elements studied show non-equilibrium 
partitioning between the coexisting feldspars. The wide 
variations in the distribution ratios for isofacial feldspars 
in each area are much greater than the analytical uncertain­
ties, and must reflect the differing chemistries of the host 
rocks.
(i) Partitioning of sodium. Na occurs in both 
feldspars, and there is generally 2 to 8 times more Na .in 
plagioclase. Analytical errors in the Kd(Ab) determinations 
should be less than -8%,
It is obvious from Table 26, and fig. 10a, that the 
variation in Kd(Ab) for rocks from both facies at Cape 
Naturaliste is far greater than analytical errors; .17 and 
.40 are the two extreme values. There are two noteworthy 
features of the albite partitioning in the Cape Naturaliste 
samples: (l) the highest Kd(Ab) occurs in sample 5229 which 
has the highest Na content, and (2) the rocks with the highest 
K contents tend to have the lowest Kd(Ab) values.
At Fraser Range, Kd(Ab) is remarkably constant, Table 
26 and fig. 10b. However it is very low (.176) and according 
to the Barth geothermometer the temperature recorded is 
considerably lower than at Cape Naturaliste. This is 
contrary to the data of the SrF geothermometer, and to the
Figure 10a
Distribution of albite between coexisting 
plagioclases and alkali feldspars from Cape 
Naturaliste.
Figure 10b
Distribution of albite between coexisting 
plagioclases and alkali feldspars from Fraser 
Range.
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geological interpretation of the Fraser Range granulites. It 
appears that the low Kd(Ab) values at Fraser Range are 
related to the high Ca contents and relatively low Na 
contents of the rocks studied. This chemistry has resulted 
in the formation of large amounts of plagioclase, which has 
incorporated a high proportion of the Na available. The data 
of Virgo (1966, 1967) indicate that the Kd(Ab) ratios in the 
Musgrave Range granulites show a fair scatter about a higher 
average value of about .27*
It is concluded that the albite partitioning is not as
satisfactory for indicating temperatures as the strontium
feldspar partitioning in the terranes studied here. When
Barth proposed his albite geothermometer, he emphasized that
there was no reason why a major element such as sodium should
follow the Distribution Law. He concluded (1956, p.ll) that
the composition both indirectly by inducing 
structural inversions, and directly, influences the distribution of soda, and that consequently 
the [albite] feldspar geologic thermometer is not 
accurate but should be specially adjusted for 
different compositions of the feldspar phases.
However, for practical work, an average curve can 
be constructed giving temperature indications of 
the greatest value for the study of the thermal 
history of rocks.
Later work has shown that differences in composition are often 
large enough to render the average curve meaningless, as seen
above
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(ii) Partitioning of potassium. The potash feldspar 
distribution ratios are somewhat more variable than the 
albite ratios, Table 26, and are well outside the maximum 
analytical errors of approximately ^12$. The basic cause of 
non-equilibrium distribution of Or must be that the large 
size of K+ makes it difficult for it to fit into the 
plagioclase lattice. In contrast K+ is a dominant cation in 
alkali feldspar and mica lattices. It could be expected that 
an equilibrium, temperature dependent, distribution is not 
easily achieved between two phases, one of which incorporates 
the solute only with difficulty because of an unsuitable 
lattice structure. Thus the Or contents of feldspars must be 
a function of rock composition (which controls the presence or 
absence of micas), rather than temperature.
(iii) Partitioning of calcium. Ca is strongly 
preferred by the plagioclase lattice and is only accommodated 
in the alkali feldspar lattice with difficulty. The observed 
variations in Kd(An) are again much greater than analytical 
uncertainties (-15$). Rocks 5225f 52299 5246 contain 
hornblende (8$, 8$ and 15$, respectively), but this has had 
no obvious effect on their Kd(An) values. The distribution 
ratios are considerably higher in the Fraser Range, and this 
appears to be a function of the higher Ca contents of the
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host rocks. The lower ratio for sample 7106/2 may result from 
the presence of 15% diopside in the rock; the rest of the 
samples studied from this area contain minor diopside only, 
and no hornblende.
(B) Trace elements
(i) Part it ion ing of rubidium and barium. Rb+ and Ba^+ 
follow K+, and do not easily fit into the plagioclase 
lattices. This is probably a major reason for the consider­
able variation in the observed distribution ratios of these 
elements, Table 26. The error limits for Kd(RbF) values are 
approximately *12/©, and those for Kd(BaF) are more like *20%.
The K/Rb ratios of the alkali feldspars from the 
different metamorphic grades are listed in Table 27 and are 
identical to those of their host rocks, except where there is 
appreciable biotite in the rock. The alkali feldspars from 
the medium to high pressure granulites of sub-acid 
composition tend to have more consistently higher K/Rb 
ratios. The IC/Ba ratios in the alkali feldspars are 
variable and show no significant trends with grade.
(ii) Partitioning of lead. Pb^+ is intermediate in size 
between IC+ and Ca^+. It is concentrated in alkali feldspar, 
but also enters plagioclase and biotite lattices in 
appreciable concentrations. The geochemistry of Pb is
T a b l e  2 7
A re a  and 
G rade Sam ple H o s t  r o c k
K/Rb
A ik .  f e l d .
K/Ba
A ik .  f e l d .
C. NATURALISTE 5112 A cid 170 63
A m p h ib o l i t e 5127 A cid 307 45
f a c i e s 5141 A cid 231 51
5145 A cid 222 80
C. NATURALISTE 5166 S u b - a c i d 243 45
G ran u li t e 5211 A cid 307 40
f a c i e s 5225 S u b - a c i d 265 44
5229 A c id 235 51
5230 A cid 172 86
5246 S u b - a c i d 255 47
FRASER RA. 7 1 0 3 /2 S u b - a c i d 480 51
G r a n u lite 7 1 0 5 /1 S u b - a c i d 392 54
f a c i e s 7106/1 S u b - a c i d 280 62
7106/2 S u b - a c i d 263 61
7 1 1 5 /1 S u b - a c i d 314 51
MUSGRAVE RA. 5300 S u b - a c i d 480 17
G r a n u lite 5304 S u b - a c i d 314 25
f a c i e s 30829* A cid 253 45
30726* A c id 213 47
30674* A cid 206 40
* Q uo ted  f rom  V i r g o  ( 1 9 6 6 )
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complicated by its high electronegativity which enables it to 
enter sulphide phases,
Pb is difficult to determine accurately (by the standard 
X-ray fluorescence techniques used here) in low concentrations 
around 5 ppm, and the error in this region could be up to 
-25/Ö. The error becomes steadily less with increasing Pb 
concentrations, and above about 20 ppm the error is reduced 
to about -5%• Thus the errors in Kd(PbF) values could be up 
to -30/b. The spread of values in Table 26 is much larger 
than this, A major cause is probably the occurrence of 
varying proportions of the Pb in sulphide lattices rather 
than feldspar sites,
(4) Triclinicities of the alkali feldspars
Diffractometer traces have been run for all the alkali 
feldspars investigated and certain general statements can be 
made. The medium to high granulite facies alkali feldspars 
are completely monoclinic orthoclases. Those from the low 
pressure granulite facies samples have either a single, 
sharply defined monoclinic peak, or a more diffuse single peak. 
The amphibolite facies alkali feldspars typically show both 
131 and 131 peaks of somewhat variable spacing, and these 
indicate microclines of a range of triclinicities.
These observations are generalities and a few exceptions
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have been noted. In several cases these can be attributed to 
deformation, or retrogressive reactions.
(5 ) Other natural geothermometers being investigated
Investigations of other possible natural geothermometers 
are being initiated at the time of writing. Much of this 
additional work is being done by Dr D. Virgo, who is now at 
the University of Chicago. The scope of this work is
(i) to look at element distributions between 
coexisting biotites and garnets, and establish if any 
distributions are temperature dependent;
(ii) to analyse opaque oxides to see their effect on 
the equilibrium between garnet and biotite, and (where 
both magnetite and ilmenite are present) to use the 
geothermometer of Buddington and Lindsley (1964);
(iii) to do Mossbauer spectroscopy on orthopyroxenes to 
see if the ordering of Fe in the lattice is temperature 
dependent;
(iv) to investigate the partitioning of Rb, Ba and Pb 
between coexisting biotites and alkali feldspars as 
possible geothermometers (see below).
By investigating a number of possible geothermometers in the 
same rocks it is hoped to gain a more complete understanding 
of their thermal histories.
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PART I I ;  Biotite chemistries
Biotites were separated from five of the Cape 
Naturaliste rocks. The b io tite s  were obtained as pure as 
possible using a magnetic separator. The b io tite  rich 
fractions were sprinkled on a s tee l plate and rolled with a 
s tee l ro lle r  - th is  reduced grains other than the f la t  
b io tites  to a fine powder. The b io ti te  flakes were sieved 
off, washed in an ultrasonic vibrator, and dried in acetone. 
The b io tite s  were analysed for K, Rb, Pb, and Sr, and the 
results  are l is ted  in Table 2 8 .
TABLE 28
Biotite K Rb Ba Pb Sr
5112 6 . 4 7 1302 712 21 12
5127 6 .0 3 690 720 - 12
5141 6 . 4 0 900 644 11 10
5145 7 . 5 7 1x33 496 8 12
5166 7.53 10 2 1 1211 26 13
Figure 11a
Distribution of Rb between coexisting biotite 
and alkali feldspar from Cape Naturaliste.
Figure lib
Distribution of Ba between coexisting biotite 
and alkali feldspar from Cape Naturaliste.
h/
Hb
100 K/lla moTITI
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The K/Rb ratios of coexisting biotit es and alkali- 
feldspars from the Cape Naturaliste area are plotted in 
fig, 11a. The straight line relation indicates that there 
is an equilibrium distribution of Rb between these minerals 
with about three times as much Rb in the biotite for 
equivalent amounts of K.
The IC/Ba ratios of the coexisting biotites and alkali 
feldspars are plotted in fig. lib, and there is an 
approximate straight line relationship. The scatter may be 
just within the analytical error limits (approximately 
i12%). Thus Ba approaches an equilibrium distribution 
between these minerals with 1.7 times more Ba in the alkali 
feldspars for equivalent K contents, However, some of the 
scatter that is observed probably arises because Ba acts as 
a semi-major element in alkali feldspars where it is largely 
independent of the K content.
A similar K/Pb plot shows a random scatter. This is to 
be expected because (l) Pb does not closely follow K, (2) 
there are different amounts of plagioclase in the rocks, 
which contain appreciable Pb, and (3) some of the Pb may be 
present in sulphide phases.
These data indicate that Rb is partitioned between 
biotite and alkali feldspar according to the Distribution 
Law, and this distribution could prove a useful
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geothermometer. Ba also approaches an equilibrium 
partitioning between these two minerals, but the somewhat 
larger scatter in the distribution may be sufficient to 
limit its usefulness as a geothermometer.
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PART III: Garnet chemistries
Major element analyses of one garnet from Cape 
Naturaliste, one from Fraser Range, and two from Musgrave 
Range have been carried out by Mr T.H. Green (A.N.U.) using 
an A.R.L. electron microprobe. Polished thin sections were 
used, and several garnets were traversed in each. There is 
no sign of zoning in these garnets. The calculated garnet 
components are listed in Table 29»
TABLE 2Q
C.NAT. MUSGRAVE RA. FRASER
RA.
5141 A301/72 5184 7110
Grossularite 12.6 19.5 4.6 17.5
Pyrope 2.4 10.6 22.7 11.5
Almandine 79.6 66.0 66.3 66.7
Spessartine 4.6 3.2 5.6 3.3
Ti-Andradite .8 .7 .8 1.0
The amphibolite facies garnet from Cape Naturaliste,
51419 has a high almandine content and moderate grossularite, 
but very low pyrope. The garnet in specimen A301/72 (from 
the Musgrave Range block, just to the west of the area
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sampled in detail for the present work - supplied by Dr R.L. 
Oliver, Adelaide) is associated with hypersthene, diopside, 
plagioclase and quartz, which is a high pressure assemblage 
(Chapters 2, 3). This garnet has a high grossularite 
content, moderate pyrope, and lower almandine. Specimen 5184 
from the Musgrave Ranges occurs interbanded with pyroxene 
bearing granulites, but itself contains no hypersthene - the 
assemblage is quartz, plagioclase, alkali feldspar, biotite, 
opaque, and garnet. The garnet has a high pyrope content, 
suggestive of a rather high pressure of formation. Specimen 
7110 from the Fraser Range contains garnet in association 
with quartz, plagioclase, alkali feldspar, hypersthene, 
minor biotite and minor brown hornblende. Similar rocks in 
this area contain more biotite and no hypersthene. These 
rocks occur interbanded with pyroxene rich granulites. The 
garnet in 7110 has an almost identical composition to that in 
A301/72, which definitely formed at high pressures. It thus 
appears that the garnetiferous acid bands in the Fraser Range 
area underwent the medium to high pressure granulite facies 
metamorphism. A corollary of this is that the association 
garnet + biotite can be stable in acid rocks under medium to 
high pressure granulite conditions, probably in rocks where 
MgO is low, and K^O is rather high.
CHAPTER 8
Relation between heat flow and surface radioactivity 
Introduction
In recent years it has become apparent that ancient 
continental shields are characterised by low heat flows.
This was observed in 1958 by L. Howard, then a student under 
Professor J.C. Jaeger (A.N.U.). It was reported in Jaeger 
and Thyer (i960), and Howard later published his data (Howard 
and Sass, 1964). Heat flow measurements in other continents 
have since substantiated this observation (Lee and Uyeda, 
1965). The reliable measurements in the Australian Archaean 
shield range from 0.7“1*0 ^ ucal/cm^sec (Howard and Sass, 1964; 
Sass, 1964> 1965; Hyndman et al,. , 1967)* with probable 
maximum errors of -20/£. These values are in contrast with 
the reliable measurements in the Palaeozoic rocks of Eastern 
Australia which range from 1.3 to 2.2 yucal/cm^sec (Beck, 1956; 
Howard and Sass, 1964; Sass, 1964; Hyndman, 1967). Higher 
seismic velocities (Cleary and Hales, 1966), lower electrical 
conductivities (Everett and Hyndman, 1*967)9 and a less 
pronounced low velocity layer in the upper mantle (Nuttli,
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1963; Clark and Ringwood, 1964)* all substantiate lower 
temperatures in the crust and upper mantle beneath the 
shields.
This author has noted previously (Lambert and Heier, 
1967a; Hyndman et. ai., in preparation) that the average heat 
product ion of the surface shield rocks in southwestern 
Australia appears to be similar to that of the Palaeozoic 
surface rocks of southeastern Australia. There are two 
possible explanations for the much higher heat flows measured 
in the Palaeozoic rocks:
1. The heat flows measured in the shield are not 
representative of the whole shield because they are 
mainly in areas of basic and ultrabasic rocks 
(greenstones) which have much lower radioactivities''c 
than the typical felsic rocks that constitute about 80% 
of the surface area.
2. In the shield the surface radioactivity is 
concentrated in a very thin surface layer, whilst in the 
younger, high heat flow areas the surface radioactivity 
extends to greater depths.
The author (j££>. cit. ) favoured the second explanation 
which is in accord with the upward fractionation of
*
The term * radioactivity’ refers to the abundances of K, U 
and Th which are the dominant heat producing radioactive 
elements in the earth.
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radioactive elements by metamorphic processes, including 
melting, and with the geological tenet that the shield areas 
represent deeply eroded portions of the continental crust.
It is also in agreement with the models of Ringwood (1962), 
Clark and Ringwood (1964)* Heier (1965b), based on geothermal 
considerations, in which the major proportion of the 
radioactivity is concentrated in the upper half of the 
continental crust.
To test these hypotheses, a 305 metre (1000 foot) 
borehole (UMP-l) was drilled by the Australian National 
University in a region of Archaean felsic rocks in the 
southwest shield. Heat flow measurements have been made in 
the hole and radioactive element concentrations have been 
determined for the core and the surrounding area. This is 
the first of a series of drill holes across the southwest 
shield proposed by the Australian Upper Mantle Committee.
The G.S.W.A. is collaborating in this project and is at 
present undertaking geological mapping and petrographic 
studies in the region of the hole.
Heat flow in UMP-l
(i) Description of site.
This author chose the site on the basis of his radio­
active element analyses in the southwest shield. It is
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situated near Kellerberrin, Western Australia, about 190 km 
east of Perth (Long. 117°l8»E, Lat. 31°40TS). The land 
surface is flat, and a thin veneer of soil covers much of the 
region.
(ii) Description of the core
The rock in the top 180 metres of the core is a very 
slightly foliated, medium-grained, granitic rock which 
contains occasional microcl.ine phenocrysts. The average 
proportions of the major minerals in the upper l80m are 
estimated to be approximately 30$ quartz, 40% microcline, 20% 
plagioclase, 8% biotite, 1 to 2% opaques, with sphene as a 
common accessory. A composite mix of 13 crushed samples from 
this part of the core indicated an average Si02 content of 
71$ > and an average K^O content of 4*9%» There are occasional 
thin veins of pegmatite in this section of the core. Below 
180m the rocks are not as homogeneous and a distinct banding 
is often apparent. Proportions of rocks in the bottom 125m of 
the core are approximately 60% medium to coarse-grained, 
biotite poor granitic rocks, 25$ fine grained, biotite - 
hornblende rich granitic rocks, 15$ pegmatites.
(iii) Measurement of heat flow
Temperatures were first measured in the hole one week 
after drilling had been completed (by G. Milburn), and then
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four months later (by R. Ilyndman). Thermistor probes and a 
Wheatstone bridge of the type described by Howard and Sass 
(1964) were used, and measurements were made to -0.02°C.
The temperature profile is linear between 120m and 300m, and 
has a least squares gradient of 17«2 - 0.1°C/km. A series of 
thermal conductivities were measured (by R. Hyndman) at 15m 
intervals down the core, using the divided bar apparatus 
designed by Beck (1957)* Both individual disks and sets of 
disks in series were measured. The conductivities are very 
constant, and the mean value accepted is 7*15 - .0 5yucal/cm 
sec°C. These measurements indicate a heat flow (product of 
thermal gradient and thermal conductivity) of 1.23 ^ ucal/cm^sec. 
This value appears reliable because there are no obvious 
sources of conductivity error, or temperature disturbance.
It is the highest reliable heat flow measurement in the 
Australian Archaean shield. The average heat flow measured 
in the greenstone areas is near 0.9/wcal/cm2sec.
Radioactive element concentrations
(i) Southwest Archaean shield
The radioactive element abundances measured in the 
southwest shield are plotted on the map, fig. 12. The 
overall average radioactivity of the Archaean surface rocks 
was found to be approximately: Th = 20ppm, U = 3ppm,
Figure 12
Map of southwest Australia showing radioactive 
element abundance determinations. Black dot = 
sample locality; top number = U ppm, middle 
number = Th ppm, bottom number - K%, AV 9 = 
average of 9 analyses, etc. x = town A = 
Albany, B = Bruce Rock, BA = Balladonia, C = 
Coolgardie, CN = Cape Naturaliste, CO = Corrigin 
D = Dumbleyung, DA = Dangin, E = Esperance, FR = 
Fraser Range, K = Kellerberrin, KA = Kalgoorlie, 
M = Merredin, N = Northampton, NS = Norseman,
P = Perth, SC = Southern Cross, W = Woolgangie,
Y = York
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K ss 2.6% (Chapter 6, Table 10). The abundances in the 
immediate vicinity of UMP-1 are extremely high, but decrease 
away from the hole. The average abundances within a circle 
of 50km radius centred at UMP-1 are approximately: Th = 37ppre> 
U = 4«5pp™> K = 3.6% (based on a total of 50 analyses). The 
K, U and Th analyses of the drill core samples are plotted in 
fig. 13. It is apparent that the banded rocks in the bottom 
125m or so of the core have lower, and more variable Th and U 
contents.
The surface radioactive element concentrations in the 
Kalgoorlie greenstone are very much lower than the shield 
average. The estimates given in Chapter 6 for all the rock 
types in this area are K = 1.6%, U = l.lppm, Th * 5»6ppm.
In parts of the greenstone areas where basic and ultrabasic 
rocks are dominant, the concentrations will be still lower.
(ii) Palaeozoic rocks of Eastern Australia
The Palaeozoic Snowy Mountains region in southeastern 
N.S.W. consists of roughly 65$ granite and 35% sediments.
The figures are based on geological maps by the Snowy 
Mountains Authority, and the present author (Lambert and 
White, 1965^). Kolbe and Taylor (1966) analysed 32 granites 
from the region with an average composition of K = 3«1%>
~
A reprint is included inside the back cover.
Figure 1.1
Th, U and K contents in the borehole 
core from UMP-1*
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U = 4•8ppm, Th = l8ppm. The sediments are dominantly shales 
and siltstones, with minor quartzite and chert. The average 
radioactive element contents of the sediments are 
approximately K = 2 ,5%, U = 3ppm, Th = 9ppm (based on 
abundances in sediments given by Clark et aJL. , 1966). The 
overall average radioactive element contents in the surface 
rocks of the Snowy Mountains region should thus be in the 
vicinity of K = 2.9^, U = 4.1ppm, Th = l6ppm. It should be 
emphasized that this region is dominated by granitic rocks 
and is more * acidic’ than the surface rocks of Eastern 
Australia as a whole. There are too few data available to 
estimate the overall average radioactive element abundances 
in the Palaeozoic rocks of Eastern Australia. However, an 
indirect estimate is possible, based on PoldervaartTs (1955) 
composition of the typical young folded belt. This was 
given in Chapter 6, and is K = 2.1^, U = 2.5ppm, Th = lOppm.
Surface heat productions and measured heat flows
Table 30 gives the calculated surface heat productions,'* 
along with the surface heat flows in the areas discussed in 
this chapter. A heat flow of 1.15 is taken as the average
*
Based on the following heat productions for the radioactive 
isotopes: Th232= o.21, U235 = 4.7, u238 = 0.72, k4° b 21 
(cal/gm yr).
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for the whole Archaean shield. The heat flow of 0.9 for the 
greenstone areas is the average of the reliable measurements 
(Howard, 1963; Howard and Sass, 1964; Sass, 1964; Hyndman et. 
al.. 1967)« The crust under the greenstones is assumed to 
have the average shield radioactivity. The heat flow of 2.0 
for the Snowy Mountains is from Beck (1956), and Howard and 
Sass (1964). A heat flow of 1.5 is taken for the average 
young folded belt (based on the compilation of Lee and Uyeda, 
1965). It is noteworthy that the surface heat production 
calculated here for the typical young folded belt is 
considerably lower than that for the Archaean shield in 
southwest Australia.
Distribution of radioactivity in the continental crust
Data presented in this thesis make it possible to derive 
some important conclusions concerning the distributions of 
radioactive elements within the crust. It is assumed that 
variations in the continental surface heat flows are 
primarily the results of different radioactive heat 
productions in different parts of the crust. Other causes of 
surface heat flow variations may be convective or advective 
heat transfer in the mantle, tectonic activity, partial 
melting in the crust or upper mantle, variations in thermal 
conductivity. None of these effects are obvious in the areas
considered here
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Clark and Ringwood (1964) discussed the heat flow coming 
from the mantle. Values of 0.55 and 0.45 yucal/cm^sec are 
accepted for the young high heat flow areas and the stable 
shield areas, respectively. The lower mantle heat flow under 
the shield regions is based on a more complete transfer of 
radioactive elements from the mantle to the crust. The value 
of 0.45/ucal/cm2sec is slightly lower than suggested by Clark 
arid Ringwood (.op. cit. ). but is used to maintain consistency 
with a number of recent, very low heat flow measurements in 
the Kalgoorlie district (Hyndman et. aJL. , 1967). The heat 
flows generated by radioactive decay within the shield and 
younger crusts are thus 0.65 and 0.95 yucal/cm^sec, 
respectively.
The general model accepted in this thesis for the 
chemical evolution of the continental crust has been 
discussed in Chapter 6, where it is summarized diagram­
matic ally in fig. 6 (a,b,c). This model is based on the 
observations that (i) many medium to high pressure granulite 
facies rocks contain significantly lower abundances of 
granitophile elements than lower grade and unmetamorphosed 
rocks, and (ii) the southwest Archaean shield has greater 
average contents of granitophile elements than both medium 
to high pressure granulite facies terranes, and the near 
surface rocks in the typical young folded belt.
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For the sake of simplicity of the model, it is 
considered that the processes involved in the formation of 
these granulites cause the more or less simultaneous upward 
migration of all granitophile elements (but the degree of 
upward concentration varies for different elements).* The 
depths to the depleted lower layer in various crustal 
sections can be deduced from the surface heat flow and the 
calculated heat productions.
(i) Distribution of radioactivity in the Archaean crust of
southwest Australia
The model for the shield crust, fig. 6c, can be 
approximated by the following profile for Th, U and K. The 
average surface radioactivity (Table 30) persists to an 
unknown depth, x, at which there are sudden depletions in the 
abundances of Th, U and K. It is assumed that the depletions 
take place over a depth interval of 5km, and that the 
concentrations drop to: Th = 2ppm, U = 0.4ppm, and K *= 2.0% 
(these are near the average figures for the Musgrave Range 
granulites, excluding the younger hypersthene granites). The 
concentrations in the lower crust are conjectural. It is
-x-
This is a simplification because it has been observed that 
U is somewhat depleted in upper amphibolite facies rocks. 
Additional data not given in this thesis indicate that Cs is 
only present in very low concentrations in amphibolite and 
granulite facies rocks, and must also be depleted at lower 
metamorphic grades.
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assumed they fall off steadily, such that the average 
concentrations in the bottom 20km of the crust are:
Th = 0.6ppm, U = 0.2ppm, K = O.8/0. (These abundances are the 
least critical for the present calculations.) The heat 
productions at various levels in the crust have been 
calculated from these radioactive element abundances. The 
depth (x) to which the surface levels of radioactivity extend 
has been calculated as approximately 5km (the calculations 
are outlined in fig. 14).
The distribution of the radioactive heat production in 
the overall Archaean shield is shown in fig. 14a, and the 
distributions of Th, U and K are shown in fig. 14 b,c,d 
respectively. It is clear that the radioactivity is 
concentrated in a thin surface layer throughout the 
southwest shield.
The heat production profile for the crust under UMP-1 
(fig. 14e) shows that the high surface radioactivity in this 
particular area must fall off at even shallower depths.
The heat production profile for the greenstone areas 
given in fig. 14f is based on Everingham,s (1965) gravity 
model for the Kalgoorlie area. The upper 4km of the average 
shield (fig. 14a) has been replaced by greenstones having the 
mean radioactive element abundances listed in Table 30» 
However, the surface heat flow based on this profile would be
Figure Id
Heat productions and radioactive element 
abundance profiles under the Archaean shield 
crust of southwest Australia.
HEAT PRODUCTION PROFILE IN AVERAGE SOUTHWEST ARCHAEAN SHIELD
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1.0 ucal/cm^sec. This is significantly higher than most heat 
flows measured in the greenstones of Western Australia, and 
very much higher than the values of .7 - .8 yucal/cm^sec at 
Kambalda, Kalgoorlie and Burbanks (Hyndman et al.. , 1967;
Howard and Sass, 1964). There are two apparent explanations 
for this: (l) the low radioactivity greenstones may extend to 
somewhat greater depths, and/or (2) there may be a 
fundamentally different crustal column under the greenstones.
Fahrig et ajL. (1967) have discussed radioactive element 
abundances in a large region of the New Quebec shield,
Canada. They found much lower radioactivities than those 
measured in the amphibolite and low pressure granulite facies 
rocks of the Australian shield. Their average values are 
K =  2 .3%9 U = l.lppm, Th = 9.2ppm. It is apparent from the 
heat flow compilations of Lee and Uyeda (1965) that heat 
flows in the northern Canadian shield are generally lower 
than those in southwest Australia. It is possible that in 
this part of the Canadian shield, a deeper level of the crust 
is exposed, and the thin layer of very high radioactive 
element abundances is absent.
(ii) Distribution of radioactivity in the younger crust
The model considered here for the younger crust (fig. 6b) 
is basically the stable shield crust, plus an upper layer, 
y km thick, having the average radioactivity of the typical
Figure 15
Heat productions and radioactive element 
abundance profiles under the typical young folded 
belt crust, and the Snowy Mountains region of
HEAT PRODUCTION PROFILE IN HYPOTHETICAL YOUNG CRUST
Heat production in crust under „
average young folded belt (ucal/cmJsec x 10 ')
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surface rocks in the younger folded regions (Table 30). The 
layer of high radioactivity (corresponding to the crustal 
level now exposed over much of the southwest shield) is taken 
as 5km thick.
The depth (y) to which the surface layer can extend has 
been calculated as 7-8km (fig. 15)* The heat production, and 
radioactive element abundance profiles derived from this 
crustal model are given in fig. 15 a-d. The depletion of 
radioactivity from the lower crust under many young folded 
belts may not be as complete as in the Archaean shields.
This would mean that the profiles, fig. 15 a-d, would have a 
less pronounced Tbulge1 of high radioactivity, and the 
radioactivity in the deep crust would be higher.
The heat production profile under the Snowy Mountains, 
N.S.W., is different because of the higher surface heat flow, 
and the higher surface radioactivity (fig. 15e). The surface 
heat production here is the same as that for the overall 
Archaean shield. If the high surface heat flow is caused 
mainly be a greater amount of radioactive heat generated in 
the crust, the surface radioactivity measured in this area 
can extend approximately half way through the crust.
Conclusions
1. The previous Archaean shield heat flows in greenstone 
areas may not be representative of the whole shield. They
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give a mean shield heat flow that is about 3®% lower than 
measured in UMP-1, which is in an area of high surface 
radioactivity. Additional heat flow measurements in 
crystalline shield rocks are needed.
2. The hypothesis that Archaean shields are characterised 
by low heat flows is confirmed.
3. The measured heat flows confirm the hypothesis (Chapter 
6) that the radioactive elements are strongly concentrated 
in the upper continental crust.
CHAPTER 9
Abundances of Si. K, U. Tli and Rb 
in the continental crust
IntroductIon
The composition of the near-surface regions of the crust 
can be established from analyses of the common rock types 
outcropping. The abundances of elements throughout the whole 
of the continental crust can be estimated (l) by making 
assumptions concerning the nature of the lower crust, or (2) 
by assuming a model of continent formation which specifies 
the material that forms the continents (e.g. the andesite 
model, below, of Taylor and White).
Poldervaart (1955) gave ’rough estimates’ of the major 
element compositions of the crust under young folded belts 
and continental shield regions, on the assumption that the 
crust is basaltic beneath the sialic upper crust. The 
proportion of basic rock was derived from isostatic 
considerations. Taylor (1964a) derived major and trace 
element abundances for the whole continental crust from a 
mixture of one part granite and one part basalt. His basis
110
Ill
for this model was that the observed rare earth abundance 
patterns in sedimentary rocks can be derived from 
approximately equal contributions of acid and basic rock 
patterns. An inherent difficulty in his approach is in 
obtaining meaningful average compositions of ’granite’ and 
’basalt’. This difficulty was emphasized in Taylor’s (1964b) 
amended basalt abundances. A fundamental objection to this 
model may be that many of the granites used to obtain the 
granite average composition are formed within the crust. If 
this is the case, a mixture of one part mantle derived rock 
(basalts) and one part crustal derived rock (granites), 
cannot be taken as the average composition of the crust down 
to the Moho.
More recently, Taylor and White (1965, 1966) noted that 
the average andesite composition may be representative of the 
composition of the continental crust. It is known that 
andesites are very common in orogenic regions which are 
considered to be regions of active continental growth 
(Wilson, 1952). However, granites and basalt are also common 
in these regions. Ringwood and Green (1966 a,b) postulated 
that a large proportion of the basaltic rocks are converted 
to eclogite and sink into the mantle. Green and Ringwood 
(1966) demonstrated that anhydrous quartz eclogite sinking 
through the mantle could partially melt at depths of
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100-140km to form andesite. Thus andesite may be derived 
from the basaltic rocks that initially fractionated out of 
the upper mantle. Granites may form by subsequent fusion of 
this and pre-existing crustal material (Bowen and Tuttle,
1958; Winkler, 1965). These data are in qualitative 
agreement with the hypothesis that andesites are the dominant 
material being added to the continental crust, and therefore 
their average major and trace element composition should 
approximate that of the crust as a whole.
Estimates of abundances of SIO9 . K. U. Th and Rb from 
the present studies
In this thesis an independently derived crustal model 
had been set up, and it can be used to estimate granitcphile 
element abundances. This model was deduced in its general 
form from the geochemical data presented in Chapter 6. It 
was developed further in Chapter 8 by using an additional 
geophysical constraint, surface heat flow, which enabled 
calculations to be made of the depths to the various crustal 
’layers’. The crustal profiles thus obtained for Th, U and K 
were given in fig. 14 b,c,d (for southwest Archaean shield of 
Australia) and fig. 15 b,c,d (for the typical young folded 
belt crust). Analogous profiles have been drawn in fig. 16 
for Rb and Si02> using identical assumptions (outlined in
Figure 16
S 1 O2 and Rb abundance profiles in the Archaean 
shield crust of southwest Australia and in the 
typical young folded belt crust.
HYPOTHETICAL YOUNG CRUST
ARCHAEAN SHIELD CRUST
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Chapter 8). The abundances below the granulite facies 
depletion are again conjectural. The SiC>2 abundances chosen 
are the lowest probable values consistent with an anhydrous 
lower crust dominated by intermediate rocks, and containing 
in addition some anorthositic rocks (Si02 contents of 
anorthosites are typically 5 2 -5 5 %)» Rb in the lower crust 
has been derived from a K/Rb ratio of around 300. This value 
is the lowest limit for this ratio suggested by the data on 
medium to high pressure granulites presented in this thesis, 
but Heier (unpublished data) obtained consistently higher 
ratios ( .2*600) in granulites from northern Norway. 
Anorthositic rocks are characterised by K/Rb values greater 
than 1000 (Sample 5315 in this thesis; Heier, personal 
communication). Thus Rb in the lower crust may be 
considerably less than indicated by the profiles, and the 
total crustal abundances deduced are upper limits.
It was mentioned in Chapter 8 that the lower crust under 
many younger folded belts may not have reached the stage of 
depletion shown in these diagrams. This will affect the 
element abundances at specific crustal levels, but not the 
abundances in the crust as a whole (because the elements are 
basically being redistributed within the crust, fig. 6 a,b).
TA
BL
E 
31
6
a t o t o 0 0a to V© O ' o-
JQ
c*
e *
Oi to '©a . •
JS t o N O ' o -
H
♦ + f
g 0 t o t'va • • •a »H H N rH
$
t o
•
N
•
0
•
OO
«
fH
•
rH
•
H H N H N H
OO h* co rH
O • . • •
M O ' O ' O ' 00 O O
V) t o t o t o t o >© 'O
t o
t o ©
O ' •P
H •H
w tC '~ '
©
0 5
•P
b
'O
O '
'O  
"O O '
c CD CC H C rH
0 © cC w CC
u •C ► •»
V b b b  to
© O O O
c a TJ H rH O '
04 •H iH ►» ►»rH
JC O <0 cc w
H Ou H Eh
•a <P
H H
0) « -P
•H •O ©
jC 3
CO •0 b
© © ©
a a TJ •O ©
0 <C iH H •p rH
•H © O © H CC ©
«P CC Oh •H © •P •P
O £ C •H
0 O bD © © ©
CO b g •0 a ©
< 3 pH © •H •o
rH 0 <C •a •P c
«0 -P ►» ■P iH a <
0 5 c O 0
CO ©"■*' rH © <P © ©
9
b
S  • 
Ä  -P
CC
O bo ©
bo
cc
CJ P  CO •H •p Q iH b
3  3 a c 3 O ©
O < >» 0 0 £ ►
CO w f-* 0 ►< 5 <
N
ot
e 
th
a
t 
m
et
am
or
ph
ic
 
le
a
ch
in
g
 o
f 
U 
ca
u
se
s 
h
ig
h
 
T
h/
U
 r
a
ti
o
 
in
 
sh
ie
ld
 
cr
u
st
.
P
ro
b
ab
ly
 s
li
g
h
tl
y
 
lo
w
er
 t
h
an
 t
ru
e 
v
al
u
e 
b
ec
au
se
 
n
ea
r 
su
rf
a
ce
 
co
n
ce
n
tr
a
ti
o
n
s 
o
f 
se
co
n
d
ar
y 
U 
m
in
er
al
s 
ar
e 
n
ot
 
ta
k
en
 
in
to
 
ac
co
u
n
t 
(U
 ■
 
1
.8
 
pp
m
 
if
 
o
v
er
a
ll
 T
h/
U
 r
a
ti
o
 
is
 
4
).
114
Comparison of present and previous abundance estimates
The abundances from the crustal profiles in this thesis 
are set out in Table 31f along with the previous estimates. 
All S102 values are similar. The present estimate of K is 
lower than those of Poldervaart and Taylor, but higher than 
in the andesite composition of Taylor and White. The present 
estimates of U, Th and Rb are lower than TaylorTs, but again 
higher than the average andesite.
The reason for the average andesite composition having 
lower K, U, Th and Rb than the present estimates could be 
that these elements were enriched in the andesites 
fractionating from the mantle and the early stages of 
continent formation, and with time they have become depleted 
in the upper mantle. Thus recent andesites (on which the 
average composition of Taylor and White is based) may not be 
representative of the average composition fractionated from 
the mantle throughout geological time, and the Uniformitarian 
principle may not be valid in this case. On the other hand, 
it was mentioned that unpublished data by Heier for high 
pressure granulite facies rocks in Norway indicate that the 
Rb abundance in the crust may be lower than derived here.
This gives a closer approximation to the andesite figure.
In any case, it should be recalled that both the andesite
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model and the model for crustal evolution presented here are 
simplified and can only be expected to be correct to a first 
approximation.
CHAPTER 10
Initial Sr^7/Sr^° ratios for high grade regional 
metamorphic rocks
Int r oduc tion
Natural Sr is composed of approximately 82.6% Sr°°,
7% Sr°?, 9.8% Sr°^, 0.6% Sr°4. The abundance of the Sr0? 
isotope increases with time by natural decay of Rb^7 (half 
life -—  5 x 10-^yrs). In a closed system the Sr°?/Sru0 ratio 
increases at a rate proportional to the Rb/Sr ratio. Thus 
the geologic age of a series of related rocks with different 
Rb/Sr ratios can be calculated, if their Rb/Sr ratios and 
present day Sr0//Sr° ratios are measured. Isochrons are 
obtained by plotting Rb°?/Sr^° ratios (x) against Sr°?/Sr^^ 
ratios (y). This is done by computer at the A.N.U. (see 
Chapter 5). The slope of the isochron indicates the age of 
the rocks, and the intersection of the (y) axis at 
Rbu?/Sr^° = 0 is the initial Sr^?/Sr^^ ratio of the rocks 
defining the isochron.
Gast (I960) noted that Rb is enriched relative to Sr in 
the sialic parts of the continental crust. Therefore Sr^7
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increases more rapidly in the sialic crust than in low Rb/Sr 
ratio environments such as the upper mantle, and lower 
continental crust. Hurley et. al. (1962), and Faure and 
Hurley (1963) showed that the Sr°7/Sr^6 ratio at the time of 
formation of a rock could be of petrogenetic significance in 
that the initial Sr°^/Sru0 ratio of an igneous rock could 
indicate whether it formed by (l) melting of a low Rb/Sr 
source rock (low initial Sru7/Sr00 ratio), or (2) melting or 
assimilation of sialic crust (higher initial Sr^7/Sr86 ratio). 
The Sr°7/SrS6 ratio of the upper mantle in the early Archaean 
is usually taken as about .698 to .699 (Gast, 1962; Hedge and 
Walthall, 1963; Pinson et .al. , 1965).
Ages of formation of sedimentary and low grade 
metamorphic rocks with high proportions of detrital grains 
cannot be determined by whole rock radiometric techniques. 
Shales containing only minor amounts of detrital mineral 
have been dated by the whole rock Rb-Sr method (Compston and 
Pidgeon, 1962; Peterman, 1966). With increasing metamorphic 
grade there appears to be homogenization of the Sr isotopes. 
Rocks of a variety of compositions in moderate and high grade 
metamorphic terranes usually define a single isochron. This 
implies that Sr throughout each terrane attains a uniform 
5-sot op ic composition at the time of metamorphism. Hurley et 
al. (1962) observed that low initial Sr°7/Sru  ^ratios were
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common in crystalline shield rocks of a variety of ages.
They concluded (p.532l):
fthe primary age of the sialic basement material does 
not greatly exceed its geologic age. In other words, 
most of it differentiated from subsialic source 
regions at about its geologic age, and the relative 
abundance and/or age of reworked material is 
surprisingly less than expected. Whole-rock 
measurements on schists and paragneisses have almost 
invariably shown initial SrS7/Sr<36 ratios too low to 
permit the material to be composed dominantly of 
clastic sediments of greater age than a few hundred 
million years at time of sedimentation. In addition 
many of the basement gneisses mapped as paragneisses 
have turned out to be so dominated by new sialic 
components added at their time of formation that 
they can hardly be counted as metasediments.T
Initial ratios in the present studies
The present work has substantiated that low initial 
Sru7/Sr°° ratios are generally observed in crystalline shield 
rocks (Table 6, Chapter 5)* If these ratios are considered 
in terms of the above explanation of Hurley et, al. , the cycle 
from subsialic igneous rock to paragneiss must have occurred 
in a few tens of millions of years in areas with very low 
initial Sr0 '7/5r°^ ratios. This applies to the rocks from 
UMP-1, Bruce Rock, and East Kimberley. A.R. Crawford 
(personal communication) has also obtained very low initial 
ratios for the Madras charnockites and the Peninsula 
gneisses, India. The average Rb/Sr ratios are known for the 
Musgrave and Fraser Range granulite terranes (Table 20) and
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these indicate that the cycle fron subsialic igneous rock to 
metamorphic rock took about 300 m.y. in both areas. However 
it was observed (Chapter 6) that Rb was lost preferentially 
to Sr during the granulite facies metamorphism, and thus the 
pre-metamorphic Rb/Sr ratios would have been considerably 
higher, and the 300 m.y. is a maximum limit. At Eyre 
Peninsula and Cape Naturaliste, where there are very high 
Rb/Sr ratios (Table 20), the metamorphism must have occurred 
approximately 100 m.y. after the formation of the igneous 
source area.
Discuss ion
It was argued previously that most of the rocks in the 
areas studied are probably of sedimentary origin. It might 
be expected that possible source areas would be observed in 
the vicinity of at least some of the terranes. This is not 
the case where the ages of the surrounding rocks are known. 
For instance, on the hypothesis of Hurley et. ad.., the Fraser 
Range terrane cannot possibly be derived from, or be a part 
of, the nearby Archaean greenstones of the Kalgoorlie- 
Norseman region. The Cape Naturaliste gneisses could not 
possibly have formed from the adjacent Archaean shield rocks, 
or the south coast rocks (which had a Sr^7/Sr°^ ratio of .712 
at 1100 m.y., Turek, 1966) or the Northampton rocks (which
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had a ratio of .720 at 1040 m.y.). No source areas having a 
low Sr°7/SrUo' ratio at about 1800 m.y. are known in the 
vicinity of Eyre Peninsula. Bofinger (personal communica­
tion) knows of no suitable source area for the Kimberley 
metamorphics. However it could be considered that the source 
areas (l) are not exposed at the surface at the present time, 
or (2) are on another continent (invoking continental drift).
The alternative explanation of the generally low initial 
SrC)^ /Sru° ratios in moderate to high grade metamorphic rocks 
is loss of radiogenic Sr°7 (**Sr°7) relative to common Sr 
during the metamorphic processes. The behaviour of -*Srü7 
during metamorphism is not fully understood. *Sr°7 is 
generated in Rb sites. The activation energy for the 
liberation of -*Sr°7 from these sites could be considerably 
lower than that for the liberation of common Sr which 
occupies more suitable lattice sites (Heier, 1964). Relative 
loss of -*SrJ7 is therefore conceivable.
It has frequently been noted that *«Sr°7 can be 
redistributed between coexisting minerals at very low 
temperatures. Arriens et, al. (1966) gave a summary of 
possible redistribution models. Under mild conditions there 
is no evidence for whole rock samples becoming open systems 
to *-Sr°7. However, it has already been noted that under 
conditions of moderate to high grade regional metamorphism,
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rocks of varying compositions within a terrane tend to assume 
a uniform Srü'7/Sruu ratio. This necessarily involves 
migration of -*Sr°7 (and probably also common Sr) over large 
distances. It is possible that rocks act as open systems 
with respect to #Sre'7 over a range of metamorphic conditions. 
-x-Sr°7 could then be lost from the system relative to common 
Sr, and low Sr°7/3r'JU ratios at the time of metamorphism 
would result. Probable evidence that this selective movement 
of -*Sr°7 can occur was given by Peterman (1966), who 
concluded that there had been complete loss of *-Sr°7 from a 
sequence of pelitic rocks during hydrothermal leaching.
It is considered that this latter explanation of the low 
Srö7/Sr°6 ratios at the time of metamorphism may be important 
in many cases. It also satisfactorily overcomes the problem 
of provenances for the paragneisses - the source areas need 
not have formed just prior to the metamorphism, and the 
paragneisses could contain an appreciable proportion of 
recycled material. Age determinations on zircons from the 
metamorphic rocks could provide important information 
concerning the ages of the source rocks in some areas. This 
is because zircons frequently retain older ages than recorded 
by the Rb-Sr technique.
CHAPTER 11
The processes caus.inr the observed element variations 
in hicrli rrade regional netancrnhic rocks
T n t r od uc 11 on
There do not seem to be any significant changes in bulk 
chemistry during netamorphism to upper amphibolite facies 
(Shaw, 1954> 1956; Chinner, I960; Phinney, 1963). It appears 
that small changes in chemistry can be detected in hydrous, 
moderate pressure granulite facies rocks (Engel and Engel, 
1958, I960; Bade et ad.. , 1966; Fahrig et al., 1967).
Plowever, major changes in chemistry do not occur until 
medium to high pressure granulite facies conditions (Heier, 
1964* 1965a; Heier and Adams, 1965; Lambert and Heier, 1967; 
this thesis).
The studies presented in this thesis have emphasized
that:
(i) medium to high pressure granulite facies rocks, with 
the exception of basic and some very acid rocks, have very 
low contents of Th, U and Rb, compared with lower grade and 
unmetamorphosed rocks of similar major element chemistries,
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(ii) medium to high pressure granulite facies terranes 
contain only minor proportions of acid rocks, but rather 
large proportions of intermediate rocks.
This chapter is mainly a description of the processes 
occurring during high grade regional metamorphism that could 
cause element fractionations.
The ability of high grade metamorphic processes to cause 
relative fractionation of granitophile elements was 
demonstrated in the study of the pegmatoid and host rock from 
Cape Naturaliste (Chapter 6). Major element analyses showed 
that the pegmatoid has significantly higher Si, K, Na and Al, 
but lower Fe, Mg, Ca, Ti and Mh, than its host rock. Trace 
element analyses indicated that Rb, Cs, Pb, and particularly 
Th and U are concentrated in the pegmatoid. If conditions 
were suitable for the removal of a vapour phase or partial 
melt enriched in the same elements as the pegmatoid, the 
residual metamorphic rocks could have the chemical features 
found in medium to high pressure granulite facies terranes.
Progressive regional metamorphism involves a series of 
dehydration reactions. Metamorph ism and magmatism merge in 
the upper amphibolite facies when partial melting probably 
begins. The volatile rich melts may congregate into larger 
granite masses and veins but it is considered that in general 
they do not move far from their environment of formation,
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because they would rapidly crystallize. Under medium to high 
pressure granulite facies conditions the total pressure is 
greater and there is less water present, but the temperatures 
are probably sufficient to cause partial or complete melting 
of felsic compositions (Chapter 7)* These melts may move to 
higher crustal levels because decreases in total pressure 
and incorporation of volatiles (water) from the wetter wall 
rocks above should lower their crystallization temperatures.
Fractionation of elements before the onset of melting
Some trace elements migrate upwards before the beginning 
of melting. Heier (I964, 1965a; Heier and Adams, 1965) 
discussed the fractionation of elements under these 
conditions. He observed that trace elements are not 
quantitatively transferred from one metamorphic assemblage to 
the other by the suggested mineral reactions. Because of 
this, and since most minerals in a rock must participate 
chemically in any mineral transition if chemical equilibrium 
is maintained, metamorphic mineral reactions cannot be simple 
reorganizations of mineral lattices. The transitions must 
take place via a dispersed phase, where participating ions 
are not subjected to the full binding energy of their original 
lattices. Some trace elements are not readily accommodated 
in the newly formed mineral lattices, and under certain
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circumstances these may move upwards with the hydrous phase. 
Cesium is not discussed at length in this thesis because it 
has not been studied in detail. However, 40 amphibolite and 
low pressure granulite facies samples from Cape Naturaliste 
were analysed for Cs, and all except eight had less than 
lppm. This is very low compared with most unmetamorphosed 
felsic rocks __ (average Cs contents from Taylor (1966) are: 
granite 5> granodiorite 2, shale 5* greywacke 3ppm). Cs+ is 
a large ion which mainly occurs in loosely bound sites in 
sheet-silicate lattices, and it appears to be lost at mild 
metamorphic conditions, well before the onset of melting. 
Ileier (i960) suggested that the Cs content of biotites could 
provide an indication of different PT conditions of 
crystallization in that biotites from granulite facies 
terranes have significantly smaller Cs contents than those 
from lower metamorphic grades. There is some depletion in 
U relative to Th and K before the onset of melting, and this 
can be ascribed to oxidation and leaching of some of the U 
by the hydrous phase during metamorphism, as well as 
fractionation of Th and U in the weathering cycle and 
retention of U in the surface layers of the younger crust.
Possible fractlonation of elements in rielt phase
There are indications that the major changes in 
chemistry at the conditions of medium to high pressure
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granulite facies netamorphism are the result of concentration 
of the depleted elements in melt phases which migrate 
upwards. These indications are:
(i) the SrF geothermometer (Chapter 7) suggests temperatures 
are high enough for a greater degree of melting than under 
upper amphibolite and low pressure granulite facies 
conditions;
(ii) the paucity of acid rocks is conveniently explained if 
most of them melted and moved upwards;
(iii) the absence of definite signs of Th, U, Rb depletions 
in basic rocks is conveniently explained if temperatures 
were not high enough for a partial melt to separate from 
these compositions.
The relatively minor amounts of acid rocks present in 
the medium to high pressure granulite facies terranes could 
represent rocks that for some reason did not melt, or melts 
which did not leave the metamorphic environment, or rocks 
emplaced after the climax of metamorphism in these terranes.
It is possible that partial melting in the lower crust 
could be a source of some granitic rocks intruded into the 
upper crust. The isotope studies (Chapter 10) suggest that 
such melts should generally have low initial Sr07/Sr0  ^
ratios, similar to those found in many thigh levelT granites. 
The experimental data of Green (1966) indicate that extensive
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melting in a lower crust of average intermediate composition 
could leave an anorthositic residuum.
The above observations suggest, rather than prove, that 
melting is the major mechanism for the upward transfer of 
gran.itophile elements from the lower crustal rocks. The 
alternative is that sub-solidus transport of granitophile 
elements becomes very efficient at the conditions of medium 
to high pressure granulite facies metamorphism, and is 
mainly responsible for the chemical trends observed. The 
lack of consistent depletions of Th, U and Rb from the basic 
rocks could be explained if these elements occur in different 
minerals in basic and felsic rocks.
formation of charnockltic intrusive granites
Wilson (1954> I960) studied the hypersthene granites in 
the TIusgrave Range. He noted: (l) Zircons are of one type in 
the granites (complex suites of zircons in the basement 
granulites), (2) Hypersthene is more Fe-rich in the granites, 
(3) Xenoliths are concentrated near, and aligned parallel to 
the transgressive boundaries of the granites. He concluded 
that the hypersthene granites were formed by melting of the 
basement granulites, with slight upward intrusion of the 
magma. During the melting, the zircons were recrystallized 
(Poldervaart and von Backstrom, 1949)y and a more Fe-rich
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Iiypersthene was developed in the melt. As the magmas moved 
upwards slightly, some xenoliths of country rock were 
incorporated near the margins.
Range charnockitic granites (Chapter 5) are in accord with 
mobilization and upward intrusion of basement granulites 
about 250 m.y. after the medium to high pressure 
metamorphism. This mobilization must have been a high 
temperature, low pressure event because cordierite is 
developed in a narrow aureole around the intrusive rocks. 
The same relationship probably exists in some cases between 
intrusive charnockites and banded basement granulites in
The of the Musgrave
other continents
CHAPTER 12
Summary of major conclus ions
1. The majority of rocks in medium to high pressure 
granulite facies terranes have very low contents of Th, U 
and Rb; there are indications that Cs and Pb are also low in 
these terranes. The average chemical and petrographic 
compositions of typical medium to high pressure granulite 
terranes are less acid than those of most low pressure 
granulite and amphibolite facies terranes.
2. High pressure experimental studies suggest that the 
lower crust in most regions could have crystallized to 
granulite and/or eclogite facies assemblages. Anhydrous 
basic rocks crystallized to these assemblages are not 
consistent with the observed lower crustal seismic 
velocities. An average intermediate chemical composition, 
with or without anorthositic rocks, satisfies the seismic 
data. The chemical features of typical medium to high 
pressure granulite facies terranes probably reflect chemical 
trends in the lower crust. Where these terranes are exposed
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at the surface, they have probably been tectonically uplifted 
fron deeper levels. The low radioactive element abundances 
in these terranes are in accord with measured surface heat 
f1ows.
3. Generally speaking, the southwest shield of Australia is 
representative of a thin layer in the crust having higher 
average concentrations of Si, K, Rb, U, Th, Pb than the crust 
beneath it, and the typical surface rocks of younger folded 
belt regions (which are dominated by sedimentary and volcanic 
rocks ).
4. The strontium feldspar geothermometer suggests that 
medium to high granulite facies metamorphism occurs at 
considerably higher temperatures than low pressure granulite 
and amphibolite facies metamorphism.
5. It is favoured that the marked changes in chemistry and 
lithology at medium to high pressure granulite facies 
conditions are due to upward migration of melt phases; the 
alternative is that they occur by very efficient sub-solidus 
f r act ionat ion •
6. Rocks of varying chemistries in a moderate to high grade 
metamorphic terrane have approximately the same Sr°7/Sr86 
ratio at the time of metamorphism, and this is generally low.
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Melting of high grade metamorphic rocks could give rise to 
some of the granite rocks intruded into the upper crust. A 
low Rb/Sr ratio in the deep crust is suggested by the 
Musgrave and Fraser Range granulite facies terranes. More 
extreme Rb depletions (with significantly lower Rb/Sr ratios) 
are observed in high pressure granulite facies rocks from 
northern Norway (Heier, personal communication).
7. Heat flow measurements, coupled with the radioactive 
element analyses, indicate that the radioactive elements, 
especially Th and U are concentrated in a very thin surface 
layer in the southwest Australian shield, but extend deeper
in the Palaeozoic Snowy Mountains region of eastern Australia, 
and the typical young folded belt regions.
8. Previous heat flows measured in the greenstone areas of 
Western Australia may be lower than the average surface heat 
flow for the Archaean shield.
9. The majority of felsic banded rocks in the areas studied 
appear to be metasediments. Medium to high pressure 
granulite facies terranes are characterized by intrusive 
granitic rocks and anorthositic masses in addition to the 
banded granulites.
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APPENDIX A
Maps giving localities of samples analysed
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APPENDIX B
Tables giving approximate modal analyses,
SAMP. NO. = Sample number; QTZ - quartz, PL = plagioclase 
KF = alkali feldspar, BI = biotite (+chlorite),
HB = hornblende, GA = garnet, OP = opaque minerals,
HY = hypersthene, DI = clinopyroxene, OTHER = other minerals 
(MU = muscovite, EP = epidote, SP = sphene, FL = fluorite,
SC = scapolite, FA = fayalite, CA = calcite, CA = clinozoisite 
AP = apatite, SE = sericite, SIL = sillimanite).
TR = trace amount, blank = not present or very minor 
constituent.
NUSGRAVE RANGE
SANP. OTZ PL KF BI MB GA OP MV 01 OTMER
5 265 6 0 5 6 5 3 2 6 SP 1
5 2 6 6 25 25 30 5 3 8 SP 2
5 2 67 3 0 35 15 15 6
5 2 6 8 6 2 5 51 2 1
5 2 6 9 6 0 12 6 6 2 2
5 2 7 0 3 0 33 3 0 6 1 1 1
5 2 7 1 30 6 2 TR 5 3
5 2 7 6 3 0 29 28 6 6 3
5 2 7 7 35 36 20 TR 5 6
5 2 7 8 3 5 23 33 5 3 SP 1
5 2 8 0 6 3 6 0 5 12
5 2 8 1 6 5 5 6 TR 1
5 2 8 3 5 2 3 10 35
5 2 8 6 3 2 20 35 6 6 3
5 2 8 5 3 0 6 5 TR 10 15
5 2 8 6 27 30 3 0 5 3 5
5 2 8 7 20 33 29 3 9 6
5 289 25 35 2 0 TR 9 6 6 1 AP 1
5 2 9 0 27 25 28 2 8 5 2 AP 2
5 2 9 1 3 0 28 33 7 2
5 2 9  2 35 5 63 11 6 2
5 2 9 6 28 30 2 6 6 5 2 SP 2 AP 1
5 2 9 5 3 0 20 65 2 2 1
5 2 9 6 25 35 2 0 1 3 5 6 5
5 2 9 7 26 35 22 1 2 5 5
5 2 9 8 25 60 2 0 7 8
5 2 9 9 28 3 2 38 TR 1 1
5 3 0 0 15 65 2 0 2 6 10 2
5 3 0 1 29 33 27 6 3 6
5 3 0 2 5 75 6 10 6
5 3 0 3 32 20 37 TR 3 8
5 3 0 6 28 22 26 6 20
5 3 0 5 69 5 21 25
5 3 0 6 3 0 7 6 2 9 7 5
5 3 0 7 35 20 37 5 1 2
5 3 0 8 29 28 3 0 10 1 2
5 3 0 9 36 3 2 20 6 3 AP 3
5 3 1 0 29 25 2 7 15 3 1
5 3 1 1 61 15 61 1 1 1
5 3 1 2 25 30 5 25 3 6 SC 6  EP 6
5 3 1 3 25 5 2 16 6 2 SC 1
5 3 1 6 33 36 25 2 5 1
5 3 1 5 65 1 26 10
5 3 1 6 3 8 20 18 20 2 1 SC 1
5 3 1 7 35 20 27 5 7 2 6
5 3 1 8 55 3 2 28 12
5 3 1 9 55 6 2 6 15
5 3 2 0 3 57 TR 10 2 0 10
5 3 2 1 55 1 10 20 16
FRASER RANGE A NO BALLAOONIA
SANP. OTZ PL KF BI HB GA OP MV Dl OTHER
7 1 0 0 / 1 6 10 17 6 5 3 CZ 5
7 1 0 1 / 1 5 35 5 2S 307 1 0 2 / 1 3 0 20 6 0 6 6 2
7 1 0 3 / 1 6 0 TR 15 1 29 IS
7 1 0 3 / 2 39 3 2 2 6 1 6
7 1 0 6 5 50 2 33 10
7 1 0 5 / 1 3 6 6 2 5 35
7 1 0 5 / 2 26 33 12 2 25 2
7 1 0 6 /1 17 22 2 6 2 2 26 6
7 1 0 6 / 2 12 30 16 2 3 2 3 16
7 1 0 7 35 30 35
7 1 0 8 6 6 TR 6 22 28
7 1 1 0 6 0 15 38 TR 1 1 TR 6
7 1 1 1 / 1 65 5 65 5
7 1 1 1 / 2 5 0 5 6 6 1 TR
7 1 1 2 / 1 66 15 38* 3 TR
7 1 1 2 / 2 6 7 1 15 TR 35 2
7 1 1 6 38 5 68 5 6
7 1 1 6 / 2 6 0 2 38 6 10 6
7 1 1 5 / 1 23 25 20 6 1 20 3
7 1 1 5 / 2 2 0 6 3 32 5
7 1 1 5 / 3 30 1 30 1 28 10
7 1 1 8 6 0 5 25 35
7 1 1 9 6 5 25 30
7 1 2 1 / 1 6 0 5 53 1
7 1 2 1 / 2 6 0 20 6 0 TR
7 1 2 2 /1 5 0 25 25
7 1 2 2 / 2 15 57 1 12 15
7 1 2 3 6 8 5 2 20 25
7 1 2 6 37 30 2 0 8 2 3
7 1 2 6 56 6 0 3 3
7 1 2 8 5 0 6 9 1
7 1 2 9 / 3 32 30 30 6 2
7 1 3 2 /1 33 32 31 2 1
7 1 3 6 6 0 27 25 6 2 2
7 1 3 5 35 20 25 12 8
7 1 3 6 37 18 28 10 7
SAMP.
5325
5 3 2 6
5327
5328
5329
5330
5331
5332
5333
5336
5335
5336
5337
5338
5360
536 1
5362
5363
5366
5367
5368
5369
5350
5351
5352
5353
5356
5355
5356
5357
5358
5359
5360
5361
5362
SAMP.
5102
5112
5115
5117
5118
5127
512e
5135
5137
5 1 6 1
5 1 6 5
5 1 5 9
5 1 6 2
5 1 6 5
5 1 6 6
5 1 6 8
5175
5 1 7 6
5 1 7 9
5182
5183
5 186
5 1 8 5
5 1 8 6
5188
5 1 9 6
5 205
5 2 0 9
5211
5212
5213
5217
5218
5219
5225
5227
5231
5232
5237
5 239
5 266
5 266
5 269
5253
5256
5261
EYRE PENINSULA
QTZ PL KF BI HB GA OP HY 01 OTHER
6 66 50
35 20 22 20 3
15 37 8 15 25
32 15 33 10 10
39 10 66 5 2
30 39 30 1
30 25 60 3 2
66 5 69
30 30 31 2 6 1 2
51 6 61 TR 6
30 20 67 3
63 29 25 3
33 26 33 2 3 1 2
32 27 32 3 3 1 2
67 62 10 1
30 22 60 5 3 TR
66 66 3 6 1
63 5 68 1 3 TR
35 28 20 15 2
99 MU 1
35 15 38 12
6 0 23 30 5 2
60 25 35
36 18 35 10 1
35 17 61 3 2 1 EP 1
30 9 38 15 5 SP 2
36 3 68 10 3
30 30 25 15 TR
69 51
62 50 2 2 6
66 69 6 1
38 10 25 27
67 10 60 3
53 1 65 1
60 20 37 3 TR
CAPE NATURAL 1STE
QTZ PL KF 81 HB GA OP HY 01 OTHER
33 15 66 2 2 2
33 12 38 16 1 2
67 1 29 2
35 26 35 1 6 1
35 10 50 TR 6 1
61 6 66 5 TR 6
56 TR 62 6
66 30 2 SP 2
6 0 15 39 3 3
33 15 66 6 1 1
32 12 68 6 2
32 12 68 6 2
33 3 52 3 6 FA 3 FL 1
65 10 60 5 FL TR
30 33 15 18 3 1
10 63 30 1 10 SC 6 CA 1 SP
30 3 57 1 7 1 1 FA TR
33 25 30 10 2 TR
30 21 35 3 3 8
30 28 25 15 2
6 60 2 36 FO 20
37 16 35 7 6 1 1
60 11 60 5 6 TR TR
30 15 66 10 TR 1
37 3 51 6 1 2
30 25 31 5 5 6
50 65 6
50 15 5 6 25 AP 1
35 25 30 2 2 5
66 5 68 1 1 1
33 5 56 2 6 2
30 26 27 1 10 8
32 15 32 10 6 TR 5
32 25 28 2 2 5 5
30 22 30 8 8 2
29 20 33 6 10 2
6 67 2 5 15 25
31 22 36 6 5 1
5 30 15 8 12 30
35 60 1 EP 6
61 6 66 1 6 6
32 10 60 13 5
63 69 2 6
23 35 15 26 1
33 25 26 15 1 2
69 30 TR 1 1 SP 1
SOUTHWEST ARCHAEAN S H IE L D
SAMP. QTZ PL KF BI HB GA OP HY DI OTHER
7 1 4 8 3 2 39 2 6 2 1
1 50 33 22 40 5
7 1 5 1 60 4 0
7 1 5 9 34 33 28 5 TR
7 1 6 0 34 38 28
7 1 6 1 35 33 28 2 2
7 1 6 2 / 1 3 0 37 27 5 1
7 1 6 2 / 2 32 52 7 6 2
7 1 6 3 4 2 16 4 2 TR TR
7 1 6 4 30 28 33- 4 4 SP 1
7 1 6 5 / 1 33 25 4 0 2 TR
7 1 6 5 / 2 12 57 30 SP 1
7 1 6 6 / 1 25 28 30 12 2 2 SP 1
7 1 6 6 / 2 24 28 28 14 3 SP 2
7 1 6 7 / 1 28 40 30 2
7 168 34 20 45
7 1 6 9 38 15 4 5 1
7 1 7 0 34 29 26 10 1
7 1 7 1 / 1 37 10 5 0 2 1
7 1 7 1 / 2 28 35 28 8 1
7 1 7 2 33 4 6 15 6 TR
7 1 7 3 / 2 35 30 34 1
7 1 7 4 50 2 4 5 39
7 1 7 5 37 20 39 3 1
7 1 7 6 4 0 15 4 5 TR
7 1 7 7 / 1 35 23 39 TR 3
7 1 7 7 / 2 35 56 7 2
7 1 7 8 38 28 22 7 5
7 1 7 9 / 1 3 7 33 2 0 7 1 2
7 1 7 9 / 2 19 24 55 SP 2 EP 1
7 1 8 0 / 1 4 0 5 4 9 3 1
7 1 8 0 / 2 39 11 37 11 2
5 1 5 2 39 32 23 4 TR EP 2
5 1 5 6 34 25 28 8 2 2
AREAS CO NTA IN IN G LOW PRESSURE GRANUL I T E S .N O T  STU DIE D IN D E T A IL
SAMP . QTZ PL KF 81 HB GA OP HY D l OTHER
5 3 6 6 21 35 30 2 6 4 SP 1 S IL 1
5 3 6 7 35 4 1 12 10 2
5 3 6 8 39 5 4 8 2 5 1
5 36 9 4 0 14 43 3
5 3 7 0 4 2 20 33 5
5 3 7 1 4 0 3 52 3 S IL  2
5 3 7 2 4 0 25 14 10 10 1
5 3 7 3 20 20 44 15 S I L  1
5 3 7 4 18 28 TR 1 SP 1 S I L 5
5 3 7 5 26 32 2 6 1 S I L  3 SE 30
5 3 7 6 37 28 15 10 8 2
5 3 7 7 35 28 18 7 10 1 S I L  1
5 3 7 8 31 20 25 8 15 1
5 3 7 9 35 26 22 9 8 TR
5 3 8 0 33 5 41 12 8 1
5 3 8 1 35 29 30 5 EP 1
5 3 8 2 36 4 0 17 5 EP 2
5 10 3 28 50 11 TR 5 1 5
7 1 4 5 35 29 15 14 3 1 3
7 1 4 6 / 2 31 4 0 8 12 6 2 AP 1
APPENDIX C
Sample preparation and analytical techniques 
1. Crush inrr
Samples usually weighing 1-4 kg were passed through 
coarse and fine hardened steel jaw-crushers. This reduced 
them to chips of maximum diameter less than 1 cm. The chips 
were split into three fractions by quartering: (i) 100-150 g 
were taken for crushing to a fairly uniform fine powder 
( —  40 microns)*“' in a Siebe Technik tungsten carbide 
vibratory grinding mill; (ii) 600-1000 g were passed between 
revolving steel plates, which reduced the maximum grain size 
to that of coarse sand; (iii) the remainder of the chips were 
set aside in plastic bags for possible future use.
Fraction (i) was used for all analyses, except K, U and 
Th by /ray spectrometer. The main contamination was 
ascertained by processing pure quartz, and is from Fe and Mn 
(jaw crushers), and W, Mo, Co and Nb (from tungsten carbide 
mill). The conclusions of this thesis are not dependent on 
accurate Fe and Mn values. Co and Nb have been determined in
Phyllosilicate grains are rather coarser.
samples 5184* 5185 (host rock and pegmatoid), but these were 
specially crushed in an agate cone grinder and agate 
mechanical mortar pestle, instead of the tungsten carbide 
mill.
Fraction (ii) was used for T -ray spectrometric 
determination of K, U and Th. Because of the large sample 
size used in this technique (450-650 g), minor contamination 
is of no consequence. This fraction was also used for 
mineral separations.
2. Some notes on X-rav fluorescence spectrogranhic analyses
The analytical conditions are set out in Table C-l.
Amongst the major elements, Ifg is the least accurately 
determined, because only very low count rates could be 
obtained for this element. A1 reproducibility was not 
always good, and several samples had to be re-run several 
times before consistent results were obtained. Silica 
percentages i^ ere read from a straight line plot of counts vg. 
percent drawn through G1 and W1 as standards.
Several corrections have been made in the trace element 
analyses. Thorium concentrations of greater than about 25 
ppm affect the Rb analyses because a thorium peak is present 
in the region where the Rb background is measured. A 
correction to the Rb has been applied in the high Th samples.
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Pb in the collimators must be allowed for in the Pb
analyses. A correction for this has been made by running 
pure Si02 glass to assess the contribution from the 
collimators.
The interfering Sr Kj& peak has been allowed for in the 
Zr analyses.
For the Ba determinations, a value of 1025 ppm in Gl 
has been used as the standard. This is about 20% lower thany
the recommended value of ^eischer (1965). It was obtained by 
comparison with a series of artificially prepared standards 
and agrees fairly closely with the recent isotope dilution 
value of Schnetzler et. al. (1967). Ba calculations were done 
by the peak to background method because mass absorptions 
cannot be measured directly without sample dilution (Norrish 
and Hutton, 1964; Norrish and Chappell, 1966). Mass 
absorptions were measured directly for the other trace 
elements analysed.
3• Comparison of potassium analyses bv three techniques
K was determined in a series of samples by three 
separate techniques: X-ray fluorescence, Y^ -ray spectrometry, 
and flame photometry. The agreement of results is quite good 
over the whole range of concentrations analysed. 
Representative results are given in Table C-2.
ABLE C-2
Sample XRF T ray Flame
5141 5.25 5.00 5.18
5112 5.20 5.15 5.05
5162 4.82 4.66 4.70
5175 4.81 4.65 4.57
SI84 4.54 4.51 4.55
5102 4.12 4.10 4.05
5246 4.06 3.87 3.91
5127 3.57 3.51 3.41
5211 2.95 3.00 2.93
5231 1.25 1,29 1.25
5244 1.03 1.00 0.97
5261 0,71 0.71 0.70
5209 0.55 0.52 0.54
\ -ray spectrometric determinations of K have been used 
throughout this thesis, except for 40 samples from Cape 
Naturaliste in which flame photometric determinations have 
been taken; (these latter are the only samples in which flame 
photometric K analyses have been done).
4 Comparison of Th and U bv two techniques
Morgan and Hexer (1966) compared 'f-ray and neutron 
activation analyses of Th and U in the USGS standards AGV1, 
BCR1, G2. Their results are set out here in Table C-3; the 
agreement is quite good.
TABLE C-3
Sample
Uranium ppm 
f-ray NA
Thorium ppm
f-ray NA
AGV1
BCR1
G2
1.9 - 0.2 2.17
1.6 ± 0.1 1.81
2.1 -  0.3 2.16
6.4 -  0.4 
6.1 ± 0.4 
25.7 ± 0.5
6.47
6.00
24.1
The errors quoted for the 1-ray spectrometry analyses are 
standard deviations.
5• Computer programs
The majority of calculations in this thesis were done by 
computer, using Fortran programs written by this author. The 
writing of these programs was a fairly major aspect of this 
thesis, and several of them are now in general use at the 
Department of Geophysics and Geochemistry. The advice and 
assistance of Drs P.A. Arriens and A. Turek are gratefully
acknowledged. Dr Arriens wrote a very comprehensive 
program for X-ray fluorescence Rb and Sr calculations. This 
has been used in this thesis for the samples that were dated,
X-ray fluorescence major element absorption corrections were 
calculated using a program supplied by K. Norrish (C.S.I.R.O. 
Adelaide; personal communication). The results in Appendices 
3, D, E, were listed by IBM3 6 O computer (A.N.U.) using a 
program devised mainly by Dr Arriens.
because it  simultaneously calculates Rb°7/Sr°^, approximate
and amount of sample to be used. The
APPENDIX D
Maj'or and trace element analyses of individual samples,
listed in rock groups for each area studied.
SAMP. NO. = sample number. Major oxides in percent, trace
elements in parts per million - SI02 = S±02% , etc.;
RB = Rb ppm, etc. 31ank = not determined, TR = trace amount
-x- = total Fe as Fe2 O3 .
AV = mean abundance for each rock group
S = standard error of the mean
'2x - x— ;--“T , where x = individual analysis,n(n-l)
x = arithmetic mean of group, n = number of analyses in
group.
MUSGRAVE RANGE -  GRANUL ITE S
SAMP.NO. S I0 2 AL203 FE203 FEO MGO CAO NA20 K20 T 102 MNO P205
ACID
308 29 7 2 .9 6 13 .61 .6 7 2 .0 3 .5 0 2 .0 2 2 .3 8 6 .9 6 .3 6 .0 8 .0 5
307 26 7 2 .  18 13 .1 6 1 .8 8 2 .0 3 .6 2 1 .2 2 2 .6 7 5 .6 6 .6 6 .1 1 .0 8
3 0676 7 1 .9 8 1 5 .0 6 1 .1 6 .9 6 .3 6 2 .7 6 2 .7 6 6 .6 0 .3 3 .0 1 .0 7
5287 7 0 .  12 13.31 3 .2 7 * 2 .1 9 2 .5 6 2 .3 5 5 .0 5 .5 6 .0 8 .1 5
AV 7 1 .8 1 13 .7 3 .9 2 2 .1 3 2 .5 0 5 .0 1 .6 2 .0 7 .0 9
S • £>
SU8-ACID
5306 7 0 .5 0 12 .7 6 5 .2 1 * 2 .2 9 2 .3 2 2 .3 2 3 .3 0 .5 7 .1 6 .0 8
5301 6 9 .1 8 1 6 .3 7 3 .6 3 * 2 .0 9 3 .1 9 2 .7 6 3 .7 5 .6 3 .0 9 .1 6
5303 6 9 . 16 16 .65 3 .3 6 * 1 .9 9 2 .9 8 3 .3 6 3 .6 2 .6 0 .1 1 . 12
AV 6 9 .6 0 1 3 .8 6 2 .1 2 2 .8 3 2 .8 0 3 .6 9 .5 3 .1 1 .1 1
S .5
INTERMEDIATE
5300 6 1 .5 0 1 3 .6 0 3 .8 0 6 .2 5 1 .1 0 3 .9 5 2 .9 0 3 .6 0 1 .6 2 .8 2
30521 6 1 .3 6 16.31 2 .8 6 6 .0 7 2 .6 0 6 .1 2 3 .0 7 2 .2 3 .9 2 .2 1 .  15
5302 5 5 .0 9 2 2 .6 7 6 .9 0 * 3 .6 0 6 .9 5 6 .1 1 1 .2 6 .6 2 .0 8 .2 5
5305 5 5 .0 1 16 .21 1 2 .0 9 * 6 .9 3 7 .3 1 2 .1 9 2 .1 8 1 .2 0 .2 9 .3 8
30581 5 6 .9 7 1 8 .5 6 2 .5 6 6 .5 8 6 .3 7 8 .2 0 2 .7 3 .5 2 .6 6 .2 2 .1 6
AV 5 7 .5 8 1 7 .0 3 3 .2 8 6 .1 2 3 .0 0 1 .9 6 1 .0 0 .2 0 .3 5
S 1 .6
BASIC
5319 5 2 .8 5 15 .8 3 1 2 .0 6 * 2 .9 3 9 .7 5 3 .6 0 .7 2 .9 9 .2 2 .  19
30638 5 2 .5 6 16 .1 3 .9  0 8 .1 2 8 .6 8 1 0 .0 2 2 .6 6 .3 8 .6 2 .2 8 .0 2
3 0860 5 1 .5 2 13 .78 3 .0 0 9 .8 8 7 .7 6 9 .3 2 2 .5 2 .6 8 .9 8 .2 6 .  12
30730 6 9 .5 8 16 .6 7 .6 8 1 1 .1 6 7 .6 6 9 .2 2 1 .8 7 .7 8 1 .1 9 .2 6 .0 9
30230 6 8 . 20 1 0 .3 6 1 .9 6 9 .0 9 1 6 .9 1 1 0 .3 2 .8 8 .3 9 .9 7 .3 7 .0 6
30639 6 7 .2 9 1 7 .0 2 6 .3 9 7 .8 8 8 .6 2 1 0 .5 6 2 .2 3 .5 6 .7 0 .21 .0 9
30563 6 6 .8 7 1 6 .2 2 2 .6 5 1 3 .3 9 7 .5 8 9 ,8 6 1 .7 6 .2 9 2 .5 6 .3 2 .6 3
AV 6 9 .5 6 1 5 .1 6 8 .5 9 9 .8 6 2 .1 6 .5 6 1 .1 2 .2 7 .  16
S 1 .1
GR AN I T E S
30558 6 6 .9 6 1 6 .3 2 1 .7 8 3 .8 5 1 .1 2 2 .0 6 2 .7 2 5 .1 6 .9 7 .2 3 .3 3
30385 6 5 .9 2 16 .3 8 1 .81 6 .1 6 1 .2 6 3 .2 3 3 .3 3 6 .1 6 .8 8 .1 6 .  38
30789 6 3 .5 2 1 6 .7 6 .9  6 3 .9 7 .91 6 .5 1 3 .8 8 6 .0 1 .8 6 .0 9 .5 2
AV 6 5 .6 7 1 5 .1 5 1 .0 9 3 .2 7 3 .3 1 6 .6 6 .9 0 .1 6 .61
S 1. 1
GABBROI C a n o r t h o s it e
5315 5 3 .9 0 1 9 .8 0 2 .7 0 6 .6 3 6 .1 5 9 .8 0 3 .6 5 .5 9 .3 0 .0 2
SAMPLES 3 0 8 2 9 ,3 0 7 2 6 ,3 0 6 7 * ,3 0 5 2 1 ,3 0 5 8 1 .3 0 6 3 8 ,3 0 8 6 0 ,3 0 7 3 0 ,3 0 2 3 0 ,3 0 6 3 9 ,3 0 5 6 3 ,
3 0 5 5 8 ,3 0 3 8 5 ,3 0 7 8 9 ,  FROM MILSON 1 1 9 5 6 ) .
•  » TOTAL IRON AS FE203 
BLANK •  NOT DETERMINED
FRASER RANGE -  GRANU«. 1TES
SAM P.NO. S I 0 2 A L 2 0 3 FE203 FEO
ACID
3 3 1 8 4 7 7 . 2 8 1 1 . 8 8 . 2 4 1 . 1 9
7 1 1 0 7 3 . 0 9 1 2 . 5 2 2 . 8 3 *
7 1 1 4 7 3 . 0 2 1 2 . 9 9 2 . 4 9 *
AV 7 4 . 4 6 1 2 . 4 6
S 1 . 4
S UB -A CID
7 1 0 3 / 2 6 6 . 4 4 1 6 . 8 0 2 . 8 1 *
INTERM EDIATE
7 1 1 5 / 1 6 3 . 3 7 1 4 . 2 8 7 . 4 9 •
7 1 0 8 / 1 6 3 . 5 3 1 4 . 0 4 8 . 1 6 *
7 1 0 5 / 2 6 3 . 3 1 1 4 . 9 1 2 . 0 0 4 . 7 0
3 3 2 0 1 5 6 . 7 5 1 8 . 0 3 . 4 4 9 . 2 4
7 1 0 6 / 2 5 6 . 2 9 1 5 . 0 9 1 0 . 9 5 •
AV 5 9 . 9 7 1 5 . 2 7
S 2 . 0
BASIC
7 1 0 4 5 0 . 7 2 1 4 . 7 i 1 4 . 6 7 •
7 1 0 8 4 9 . 9 9 1 6 . 8 5 1 1 . 2 1 *
3 3 2 0 8 4 9 . 9 8 1 6 . 6 7 . 6 8 1 1 . 1 6
7 1 0 5 / 1 4 9 . 4 3 1 4 . 2 3 1 5 . 5 5 *
3 3 2 0 4 4 9 . 0 4 1 5 . 7 4 2 . 5 0 1 2 . 1 3
7 1 0 7 4 7 . 5 8 1 6 . 0 4 1 2 . 9 5 *
AV 4 9 . 4 6 1 5 . 7 1
S 1. 1
MGO CAO NA 20 K 20 T I 0 2 MNO P 20 5
. 2 9 . 5 6 2 . 0 6 5 . 4 5 . 0 9 . 0 6 TR
. 3 0 1 . 4 8 2 . 0 9 5 . 6 3 . 4 2 . 0 6 . 1 0
. 2 5 1 . 2 9 2 . 1 3 6 . 1 7 . 3 6 . 0 6 . 0 9
. 2 8 1 . 1 1 2 . 0 6 5 . 7 5 . 2 9 . 0 6 . 0 7
1 . 3 7 4 . 1 2 3 . 4 0 4 . 2 1 . 2 9 ' .08 . 1 1
. 4 0 4 . 1 0 2 . 2 5 4 . 1 3 1 . 0 8 . 1 8 . 2 2
. 2 5 4 . 5 8 2 . 2 1 3 . 9 7 1 .2 1 . 1 7 . 2 3
2 . 6 5 4 . 6 0 2 . 6 5 3 . 2 0 . 7 0 . 1 9 . 1 7
3 . 2 8 2 . 8 2 2 . 0 5 5 . 6 8 1 . 0 8 . 3 4 . 0 7
. 8 0 7 . 6 1 2 . 6 0 2 . 5 3 1 . 6 1 . 2 3 . 2 3
1 . 4 8 4 . 7 5 2 . 3 5 3 . 9 0 1 . 1 4 . 2 2 . 1 8
3 . 9 6 9 . 0 2 2 . 2 5 . 9 0 2 . 0 3 . 3 1 . 3 7
7 . 4 5 1 0 . 3 5 2 . 1 0 . 6 6 1 . 0 3 . 2 2 . 1 4
7 . 6 4 9 . 2 2 1 . 8 7 . 7 8 1 . 1 9 . 2 6 . 0 9
4 . 9 8 9 . 4 0 2 . 4 3 . . 9 5 2 . 3 0 . 2 9 . 3 6
. 5 26 . 5 2 9 . 2 7 1 . 5 6 . 5 7 1 . 9 2 . 3 6
8 . 1 0 8 . 9 9 1 . 3 5 . 6 5 . 9 5 . 2 2 . 2 2
6 . 4 4 9 . 3 8 1 . 9 3 . 7 5 1 . 5 7 . 2 8 . 2 8
SAMPLES 3 3 1 8 4 , 3 3 2 0 1 * 3 3 2 0 8 , 3 3 2 0 4 ,  FROM WILSON ( 1 9 3 4 )
CAPE NATURALISTE -  GRANUL ITES
SAM P.NO . SI 0  2 A L2 0 3 FE203 FEO
ACID
5 165 7 6 . 6 9 1 1 . 8 9 1 .0 1 *
5 2 1 2 7 6 . 6 9 1 1 . 6 7 1 . 1 5 *
5 205 7 5 . 2 7 1 1 . 8 4 2 . 7 9 *
5 1 0 2 7 3 . 0 3 1 2 . 6 9 3 . 0 0 *
5 2 1 1 7 2 . 3 4 1 1 . 9 3 3 . 9 7 *
5 1 7 5 7 1 . 9 3 1 2 . 9 9 2 . 9 8 *
5 1 8 2 7 1 . 9 2 1 3 . 6 8 2 . 3 8 *
5 1 8 5 7 1 . 4 1 1 3 . 8 5 2 . 0 8 ♦
5 2 1 3 7 0 . 9 7 1 3 . 6 9 2 . 9 4 *
5 1 8 4 7 0 . 6 9 1 3 . 0 7 3 . 7 7 *
5 1 5 9 7 0 . 2 9 1 3 . 9 1 3 . 2 5 *
5 1 6 2 7 0 . 2 3 1 3 . 3 7 3 . 5 7 *
AV 7 2 . 6 2 1 2 . 8 8 2 . 7 4
S . 8
S U B -A C ID
5 246 6 9 . 9 1 1 2 . 5 5 4 . 3 8
5 1 8 6 6 9 . 3 5 1 4 . 6 9 2 . 7 3 *
5 1 6 6 6 9 . 0 7 1 3 . 6 9 5 . 0 9 *
AV 6 9 . 4 4 1 3 . 6 4 4 . 0 7
S . 5
INTERMEDIA TE
5 1 8 9 6 5 . 2 1 1 2 . 6 8 8 . 2 1 *
5 2 5 3 6 2 . 4 7 1 6 . 4 9 4 . 8 9 *
5 1 6 8 5 6 . 3 1 1 7 . 9 3 5 . 6 9 *
AV 6 1 . 3 3 1 5 . 7 0 6 . 2 6
S 2 . 5
BASIC
5 2 3 1 5 4 .  10 1 1 . 3 6 1 5 . 5 0 *
5 2 6 1 5 0 . 5 7 2 4 . 5 7 5 . 6 5 *
5 2 1 0 4 7 . 8 8 1 4 . 2 2 1 . 7 3 1 2 . 3 6
5 209 4 6 . 9 8 1 2 . 7 6 1 6 . 8 5 *
5 2 3 9 4 6 . 4 1 1 5 . 4 2 1 2 . 4 0 *
5 244 4 5 . 7 8 1 3 . 9  2 1 4 . 1 0 *
AV 4 8 . 6 2 1 5 . 3 7 1 1 . 0 0
S 1 . 3
CAPE NATURA LISTE
SAM P.NO. S I 0 2 A L 2 0 3 FE203 FEO
ACID
5 1 7 6 7 3 . 6 3 1 2 . 6 5 2 . 1 0 *
5 1 3 7 7 3 . 6 2 1 3 . 6 8 . 9 9 *
5 1 8 8 7 2 . 9  1 1 1 . 9 2 3 . 1 8 *
5 1 4 5 7 2 . 7 3 1 3 . 7 7 1 . 8 0 *
5 1 1 2 7 1 . 7 3 1 2 . 3 0 3 . 8 7 *
5 1 2 7 7 1 . 2 1 1 2 . 6 9 4 . 6 9 *
5 1 7 9 7 1 . 0 2 1 1 . 9 4 5 . 3 9 *
5 1 4 1 6 9 . 9  2 1 4 . 9 3 2 . 6 9 *
AV 7 2 . 1 0 1 2 . 9 9 3 . 0 9
S . 4
S U B -A C ID
5 1 9 6 6 8 . 8 6 1 2 . 9 2 6 . 0 7 *
5 1 1 8 6 8 . 8 0 1 3 . 3 9 4 . 6 0 *
5 1 1 7 6 7 . 5 7 1 2 . 8 3 5 . 9 9 ♦
AV 6 8 . 4 1 1 3 . 0 5 5 . 5 5
S . 4
INTERMEDIATE
5 1 0 8 5 9 . 0 3 1 3 . 0 1 9 . 4 3 *
BASIC
5 1 1 5 4 9 . 3 0 2 1 . 0 8 9 . 5 1 *
5 1 3 5 4 8 . 0 7 2 1 . 5 8 8 . 9 0 *
5 1 2 8 4 5 . 5 5 1 2 . 6 3 1 7 . 7 8 *
AV 4 7 . 6 4 1 8 . 4 3 1 2 . 0 6
S 1. 1
MGO CAO NA20 K20 T 102 MNO P205
. 0 5 . 4 0 3 . 9 9 4 . 6 1 . 0 8 . 0 2 . 15
. 0 2 . 7 0 2 . 0 7 6 . 0 5 . 0 6 . 0 3 . 1 3
. 0 3 . 3 9 3 . 4 8 4 . 7 6 . 2 5 . 0 1 .  15
. 2 0 1 . 5 5 2 . 6 0 4 . 9 5 . 1 2 . 0 5 . 1 6
2 . 3 9 1 . 8 0 2 . 6 4 3 . 5 5 . 2 0 . 1 5 .  13
. 0 4 . 9 1 3 . 6 9 5 . 7 9 . 2 1 . 0 4 . 1 4
. 4 6 1 . 8 9 2 . 5 9 5 . 4 9 . 3 3 . 0 4 . 2 0
. 1 8 1 . 6 5 2 . 8 3 6 . 0 3 . 1 3 . 0 2 . 2 5
. 0 3 1 . 3 4 2 . 9 6 6 . 2 0 . 2 1 . 0 2 . 2 0
. 4 0 1 . 7 9 2 . 6 1 5 . 4 6 . 4 3 . 0 3 . 2 2
. 0 5 1 . 0 3 4 . 6 0 5 . 4 9 . 2 3 . 0 4 .  15
. 0 5 . 7 9 4 . 2 8 5 . 8 1 . 3 0 . 0 6 . 1 7
. 3 3 1 . 1 9 3 . 2 0 5 . 3 5 . 2 1 . 0 4 . 1 7
1 . 1 6 2 . 3 0 2 . 7 1 4 . 8 8 1 . 0 3 . 0 5 . 2 3
. 5 0 1 . 8 1 2 . 6 9 6 . 2 1 . 4 2 . 0 2 . 2 4
1 . 0 3 2 . 3 9 2 . 3 0 4 . 8 7 . 5 6 . 1 0 . 2 3
. 9 0 2 . 1 7 2 . 5 7 5 . 3 2 . 6 7 . 0 6 . 2 3
. 9 2 2 . 6 6 1 . 7 5 4 . 2 0 1 . 7 0 . 1 2 . 3 0
1 . 6 5 2 . 9 2 3 . 5 9 4 . 9 9 . 8 6 . 0 3 . 3 5
. 7 6 8 . 7 9 3 . 6 7 4 . 8 7 . 5 2 . 3 8 . 2 0
1 . 1 1 4 . 7 9 3 . 0 9 4 . 6 9 1 . 0 3 . 1 8 . 2 8
4 . 4 6 7 . 2 1 2 . 5 3 1 . 5 0 3 . 1 0 . 2 0 . 4 6
1 . 1 5 1 1 . 0 3 4 . 3 1 . 8 5 . 7 8 . 1 0 . 3 3
6 . 3 5 1 0 . 2 3 2 . 4 7 . 5 1 2 . 9 5 . 4 0
6 . 3 7 1 0 . 4 0 2 . 5 2 . 6 6 2 . 9 7 . 2 2 . 4 8
8 . 0 8 1 0 . 5 1 3 . 6 3 1 . 1 3 1 . 9 6 . 1 5 . 4 3
8 . 6 0 1 0 . 7 2 3 . 2 9 1 . 2 4 2 . 2 2 . 1 8 . 3 5
5 . 8 4 1 0 . 0 2 3 . 1 3 . 9 8 2 . 3 3 . 1 7 .4 1
■ AMPHIBO LITE FACIES
MGO CAO NA 20 K20 T 1 02 MNO P205
. 3 4 1 . 5 4 2 . 3 9 5 . 4 9 . 2 9 . 0 1 .  18
. 1 0 1 . 0 0 3 . 5 0 5 . 2 9 . 1 1 . 0 1 . 1 4
. 0 2 . 6 2 2 . 0 7 6 . 8 4 . 2 8 . 0 3 .  15
. 3 0 1 . 5 3 2 . 2 2 6 . 2 4 . 2 2 . 0 1 . 2 2
. 1 7 1 . 2 0 2 . 0 9 6 . 2 5 . 4 1 . 0 4 . 2 0
. 4 0 1 . 9 2 2 . 7 1 4 . 3 0 . 5 3 . 0 7 . 2 0
. 0 4 1 . 0 2 2 . 5 9 5 . 6 7 . 3 1 . 0 7 .  18
. 3 4 1 . 9 9 2 . 6 1 6 . 3 4 . 3 1 . 0 4 . 2 5
. 2 1 1 . 3 5 2 . 5 2 5 . 8 0 . 3 1 . 0 4 . 1 9
. 3 5 2 . 4 7 2 . 4 2 4 . 4 9 . 8 2 . 1 3 . 2 6
. 2 8 1 . 6 0 3 . 3 9 5 . 9 2 . 5 0 . 0 6 . 2 3
. 8 7 2 . 5 9 2 . 7 5 4 . 9 0 . 8 8 . 1 0 . 3 2
. 5 0 2 . 2 2 2 . 8 5 5 . 1 0 . 7 3 . 0 9 . 2 7
3 . 7 2 5 . 5 1 2 . 1 6 3 . 6 1 1 . 9 4 .  18 . 4 3
2 . 5 0 1 0 . 9 0 3 . 6 5 . 8 0 2 . 3 0 . 1 1 . 3 9
3 . 0 2 1 1 . 4 4 3 . 1 5 . 9 7 1 . 7 0 . 1 3 . 2 6
5 . 3 0 8 . 9 9 2 . 7 2 1 . 2 6 5 . 1 3 . 2 2 . 5 7
3 . 6 1 1 0 . 4 4 3 . 1 7 1 .0 1 3 . 0 4 . 1 5 .4 1
SOUTHWEST ARCHAEAN SHIELD
MAJOR ELEMENT ANALYSES FROM WILSON (1958)
SAMP.NO. SI02 A L 203 FE203 FEO
ACID
AA 80.5 2 12.68 .15 .86
A1 7A.79 10.28 2.69 A.18
21 7A.73 11.52 1.97 2.80
A3 7A.28 21.91 TR .5A
38 73.8A 13.65 2.09
23 71.81 13.59 .63 2.33
39 69.77 18.38 2.16 .28
AV 7A.2 1A.6 1.3 1.9
S 1.7
SUB-ACID
3A 68.61 1A.2A .71 2.23
22 66.5 2 13.22 A.99 3.29
AV 67.6 13.7 2.9 2.8
INTERMEDIATE
20 61.22 16.88 1.A6 5.28
AO 53.01 20.38 3.39 7.AA
AV 57.1 18.6 2.A 6.A
BASIC
51 52.53 13.A2 • A2 8.97
56 50.55 17.16 l.OA 3.AO
AV 51.5 15.3 .7 6.2
GRANITES
13 75.83 1A.11 . A9 .12
2 75 .AO 12.68 .76 .AA
18 7A.80 13.93 .78 .97
1 7A.56 1A.58 TR .78
17 73.A9 1A.2A .88 .92
16 73.36 13.88 • 8A .93
1A 7 2.00 12.A6 .62 3.13
12 70.AO 1A.1S .50 1.67
5 68.65 1A.75 1.78 1.62
15 68.56 16.6A .89 1.77
A 67.29 12.06 1.72 A.60
3 6A.76 13.99 2.07 3.52
AV 71.6 1A.0 1.0 1.6
S 1. 1
MGO CAO NA20 K20 TI02 MNO P205
.30 .03 .A2 3.66 .28 .08 .01
3 .AA .00 .22 2.2A • A7 .10 TR
.30 1.86 3.5A 2.78 .AA .1A TR
.33 .12 .38 .30 .10 .05 TR
.90 .17 .36 A.06 .69 .09 • OA
1.7A .AS .86 7.36 .29 .03 .1A
.AS .60 .56 • A6 1.39 TR . 18
1.1 .5 .9 3.0 .5 .8 .1
1.A1 3.20 3.70 3.0A .50 .10 .19
.58 2.8A 3.A5 2.95 .66 .15 . 10
1.0 3.0 3.6 3.0 • 6 .1 .2
1.97 A. 99 A. 12 1.66 . 7A .13 .29
A.53 2.70 2.07 3. A3 1.18 .09 .11
3.3 3.9 3.1 2.6 1.0 .1 .2
9.17 9.63 1.99 .72 .86 .63 .20
9.97 1A.77 1.62 .11 .05 .19
9.6 12.2 1.8 .A .5 .A
.25 .55 3.12 5.32 .08 TR .20
.16 1.01 3.1A A.68 .05 .13 .OA
.22 1.92 3.89 3.30 • 1A .02 .05
.28 1.65 3.92 3.82 .05 .22 TR
.A3 1.8A 3.86 3.A2 .1A TR .01
.51 1.69 3.22 5.07 .OA .15 .07
.27 1.A1 3.A7 5.89 .38
1.3A 3.00 5.18 1.88 .3A .37 .1A
1.62 2.78 3.52 3.56 • A1 .1A .13
.73 2.51 A.1A 3.2A . 2A .03 .12
.761.09 3. A3 3.15 A.10 .87 .35
1.A1 3.86 3.A2 3.A6 .97 .27 .A7
.7 2.1 3.7 A.O .3 .2 .2
MUSGRAVE RANGE -  GRANUL1TES
SAMP. NO. K RB SR PB BA ZR U TH
ACID
3 07 26 4 . 7 0 215
5 299 4 . 5 4 195 184 38 7 4 0 76 . 3 l . H
52R 4 4 . 2 2 254 90 28 9 4 8 108 1 . 4 2 2 . 4
3 0 8 2 9 4 . 1 2 1R0
5 2 8 7 3 . 9 4 183 211 26 1268 2 25 . 7 2 . 5
AV 4 . 3 0 212 226 31 9 85 136 . 8 8 . 9
S .  13 14 155 45 . 3 0 6 . 5
S UB -A CID
5 3 0 6 4 . 4 4 9 7 180 26 2 24 8 413 . 0 .  4
A 2 5 3 /R 9 4 A 3 . 6 8 112 4 0 0 27 2 4 7 8 6 24 . 8 2 . 7
5 29 8 3 . 5 5 113 499 31 2 08 5 309 . 0 . 2
5 289 3 . 5 5 101 241 21 9 1 8 153 . 1 1 . 5
5 30 1 3 . 0 7 78 199 17 140 2 253 . 3 . 0
5 3 0 3 2 . 7 4 74 231 105 9 148 . 4 . 4
5 3 0 4 2 . 6 7 89 294 24 100 8 201 .1 1 9 . 5
AV 3 . 3 9 9 5 29 2 29 160 0 300 . 2 . 9
S . 22 6 44 3 235 20 . 10 . 4
INTERMEDIATE
5 3 0 0 2 . 9 9 60 3 15 4 4 165 3 3 99 . 0 . 5
A 3 0 1 / 7 2 2 . 9 9 9 3 242 27 1541 528 . 9 2 . 5
5 3 0 5 1 . 7 4 30 261 12 1 41 4 148 . 4 . 4
5 2 8 5 . 6 1 7 510 16 9 4 7 164 1 .1 1 0 . 3
AV 2 . 0 8 47 332 25 1389 310 . 6 3 . 4
S . 5 5 18 62 7 155 30 . 2 5 2 . 3
BASIC
5 3 0 2 1 . 0 0 12 110 6 6 845 47 . 0 . 0
A 2 5 3 /R 8 6 B . 5 3 5 287 14 5 0 3 1134 1 .1 2 . 3
53 19 . 5 2 2 3 35 7 322 45 . 2 . 0
5 3 2 1 . 4 9 7 4 63 11 3 86 130 .1 . 4
5 3 2 0 . 4 3 3 4 27 5 4 0 6 2 1 5 . 0 .  1
WAGS529 .  10 . 0 . 0
AV . 5 1 6 378 15 4 9  2 1 10 . 2 . 5
S .  12 2 40 4 93 40 .  18 . 4
GABBROI C ANORTHOSITE
5 3 1 5 . 5 2 3 4 2 4 5 313 4 . 0 . 0
GRANITE S
5 29 0 4 . 3 2 161 174 29 1 880 4 9 0 . 5 3 . 0
5 31 7 3 . 8 2 161 244 1479 506 1 . 5 6 . 9
5 29 7 3 . 3 0 148 147 23 9 7 9 201 . 2 2 . 1
5 2 9 6 3 . 0 3 109 337 26 158 7 4 39 . 5 2 . 7
AV 3 . 6 2 145 225 26 1481 409 .7 3 . 4
S . 3 0 12 42 2 185 70 . 2 9 1 .1
PEGMATOID
5 29 5 4 . 8 6 230 37 30 350 93 . 8 1 7 . 8
MUSGRAVE RANGE -  A M P H IB O L IT E  FA CIES
SAMP. NO. 
ACID
K RB SR PB BA ZR U TH
5 2 9 1 5 . 0 0 2 1 9 263 20 2 9 7 2 318 1 . 1 . 5
5 2 6 8 6 . 6 0 165 128 22 8 12 5 3 9 . 6 2 . 0
5 269 6 . 1 1 169 165 22 5 6 6 107 . 5 2 6 . 0
5 2 7 0 3 . 8 8 161 157 2 6 861 201 1 . 0 1 2 . 5
AV 6 . 6 0 173 173 22 129 2 291 . 8 9 . 8
s . 2 5 16 30 1 2 3 5 96 . 1 0 1 . 7
S UB -A C ID
5 2 9 6 3 . 6 3 153 3 80 37 196 3 651 1 . 6 1 1 . 0
5 3 1 6 3 . 6 1 160 1 96 1 1 1 6 2 2 6 1 . 0 1 7 . 8
5 3 1 6 3 . 3 0 152 157 1 08 0 2 35 . 6 6 . 6
5 2 6 7 3 . 0 7 166 2 7 6 6 6 1 0 7 7 197 1 . 7 2 3 . 5
AV 3 . 6 0 158 251 6 0 1 30 3 3 2 7 1 . 1 1 6 . 2
S . 1 3
INTE RMEDIATE
3 69 67 106 . 3 1 6 . 2
5 3 1 2 2 . 8 6 2 0 7 366 1 13 5 2 6 5 . 9 9 . 3
5 2 7 1 1 . 7 5 68 5 09 6 6 8 77 367 . 2 2 . 9
5 3 1 3 1 . 1 6 137 279 6 6 2 116 1 . 8 7 . 8
5 3 0 9 1 . 0 1 108 3 3 3 0 1 3 0 0 2 9 9 1 . 3 8 . 8
AV 1 . 7 0 130 3 77 9 8 8 2 5 2 1 . 0 7 . 2
S . 6 0 29 69 1 6 0 51 . 3 2 1 . 5
B AS IC
5 2 8 3 . 5 2 8 339 7 191 98 . 8 . 8
5 2 6 0 . 5 1 8 8 3 0 7 5 03 5 6 . 7 1 . 6
A 2 5 3 /R B 8 A . 0 1 6 2 12 2 7 29 106 . 6 1 . 6
AV . 5 1 7 580 7 2 61 86 . 7 1 . 3
G RA NITES
5 2 9 2 6 . 9 5 3 3 3 9 0 66 8 61 5 78 3 . 6 7 8 . 2
5 3 0 7 6 . 9 0 303 139 5 9 6 193 7 . 7 6 6 . 2
5 2 7 8 6 . 8 5 2 2 5 2 56 60 166 9 8 1 0 . 6 7 . 7
5 2 86 6 . 6 7 189 3 3 3 28 1 7 3 3 2 8 8 .  1 1 3 . 1
5 265 6 . 5 9 127 287 32 2 0 3 0 5 9 6 . 1 1 . 3
5 2 8  1 6 . 6 6 138 162 22 1 1 0 3 92 . 3 6 . 9
5 3 1 1 6 . 6 0 2 6 2 196 6 1 3 61 1 . 6 6 . 5
5 276 3 . 7 6 155 3 8 0 33 1 8 7 0 6 9 0 1 . 2 6 . 3
5 2 6 6 3 . 5 8 111 6 9 0 31 2 1 1 7 6 0 3 . 6 5 . 7
5 2 7 7 3 . 2 9 86 6 80 26 2 0 0 1 6 6 9 . 6 1 . 8
5 3 1 0 3 . 0 1 165 216 9 6 2 2 3 6 . 6 8 . 1
5 3 0 8 2 . 9 0 239 2 22 889 2 6 7 6 . 0 2 6 . 6
AV 6 .  11 193 291 32 1 3 6 5 2 7 7 1 . 7 1 8 . 7
S . 2 3 23 17 3 170 100 . 6 9 7 . 1
FRASER RANGE GRANUL ITES
SAMP. NO. K RB SR PB BA ZR U TH
AC I 0
7 1 2 1 / 1 5 . 2 0 142 68 25 5 6 6 44 . 4 . 07 1 1 1 / 1 5 . 2 0 283 31 41 2 07 89 1 . 7 1 7 . 57 1 1 1 / 2 5 . 1 3 2 3 7 23 41 . 8  
.  1
1 7 . 57 114 5 . 0 5 3 20 70 32 1 2 . 17 1 1 2 / 1 4 . 9  8 2 2 7 89 . 1 7 . 17 1 1 4 / 2 4 . 7 6 302 66 33 5 22 188 1 . 0 1 6 . 37 110 4 . 7 3 2 8 6 63 31 . 6 .  67 1 2 1 / 2 4 . 6 5 115 72 21 .  1 .  07 1 1 2 / 3 4 . 5 5 . 6 1 . 7
AV 4 . 9 2 2 3 9 60 32 4 3 1 107 . 6 8 . 1
S .  19 27 8 3 36 . IR 2 . 6
SU B-ACI0
7 1 0 3 / 2 3 . 3 2 72 178 23 8 5 7 80 . 2 . 2
INTERMEDIATE
7 1 1 5 / 1 3 . 4 0 112 143 23 8 19 162 . 4 1 . 3
7 1 0 6 / 1 3 . 2 8 1 3 0 122 21 6 5 3 117 . 0 .  7
7 1 0 5 / 2 2 . 6 9 77 138 22 6 68 133 . 2 . 2
7 1 0 6 / 2 2 . 0 7 77 133 19 4 3 2 141 . 5 1 . 5
7 1 1 5 / 2 1 .  16 38 132 15 . 2 1 . 5
7 1 2 2 / 2 . 9 7 24 156 10 5 0 2 154 . 3 . 6
AV 2 . 2 6 76 137 18 6 1 5 142 . 2 . 9
S . 4 0 16 5 2 67 8 .  10 . 2
BASIC
7 1 0 5 / 1 . 7 9 21 165 1 1 33 2 1 74 . 6 2 . 3
7 104 . 7 2 12 194 11 . 3 . 8
7 118 . 6 9 9 2 54 11 4 7 6 129 . 4 1 .  1
7 1 1 5 / 3 . 6 0 25 164 9 2 8 0 138 . 8 2 . 2
7 1 0 1 / 1 . 6 0 25 2 3 8 7 313 . 4 3 . 2
7 1 0 3 / 1 . 5 7 27 176 9 2 0 5 118 . 7 2 . 5
7 1 1 2 / 2 . 5 5 23 2 0 0 7 25 2 77 . 4 3 . 0
7 1 0 8 . 4 9 14 148 10 177 73 .1 1 . 7
7 119 . 4 7 17 2 0 9 7 4 7 6 114 . 4 1 . 8
7 1 0 7 . 4 6 18 190 8 2 9 4 112 . 2 2 . 0
7 1 2 2 / 1 .  29 9 177 9 . 1 . 7
7 1 2 3 .  18 5 2 35 4 . 0 . 2
AV . 5 3 17 196 9 3 1 2 117 . 4 1 . 8
S . 0 5 2 9 1 34 12 . 0 7 . 3
FRASER RANGE -  AMPHIBOLITE FACIES
INCLUDING BALLADONIA GRANITE
SAMP. NO. K RB SR PB BA ZR U TH
ACIO
7 1 2 9 / 3 5 . 0 1 269 2 4 5 1 3 7 5 3 . 8 7 9 . 8
7 1 3 2 4 . 8 4 2 5 0 29 2 1 0 2 0 1 . 2 8 9 . 7
7 1 0 2 / 1 4 . 6 4 169 1 4 0 37 7 00 106 3 . 0 2 . 7
7 1 2 8 4 . 4 4 1 63 57 41 9 2 4 159 1 . 3 1 7 . 0
7 133 4 . 1 4 194 2 79 1 4 7 7 2 .  7 3 2 . 2
AV 4 . 6  1 209 2 0 3 39 1 100 133 2 . 4 4 4 . 3
SU B-ACI0
7 134 3 . 8 6 170 155 31 1 0 5 9 2 6 6 2 . 4 1 4 . 3
7 124 3 . 7 6 1 6 8 147 31 9 9 7 262 1 .  1 1 1 . 6
7 126 3 . 7 4 9 6 63 4 0 111 2 133 . 7 1 4 . 0
7 1 3 6 3 . 6 0 165 216 25 8 3 5 2 32 1 . 5 1 4 . 9
7 135 3 . 2 0 195 2 0 5 2 4 8 47 2 1 7 2 . 5 1 8 . 7
7 125 2 . 0 0 82 4 57 18 1041 2 2 9 1 . 2 8 . 9
AV 3 . 3 6 1 4 6 207 28 9 8 1 2 23 1 . 6 1 3 . 7
BASIC
7 1 0 0 / 1 4 . 12 2 122 3 26 . 2 . 0
7 1 0 0 / 1 . 0 3 1 94 1 69 . 1 . 0
AV . 0 8 2 108 2 47 . 2 . 0
CAPE NATURAL IST E  -  GRANUL ITES
SAMP. NO. K RB SR PB BA ZR U TH
ACID
5 1 6 3 5 . 6 3 6 . 6 6 1 . 0
5 269 5 . 2 7 2 6 9 109 50 1 1 8 8 9 0 0 1 . 2 2 2 . 0
5 2 1 3 5 . 2 2 362 83 32 550 2 9 6 3 . 7 8 7 . 0
5 1 8 5 5 . 0 1 2 79 9 9 59 5 2 9 85 6 . 8 7 8 . 8
5 2 1 2 6 . 9 6 261 6 3 6 2 110 1 76 2 .  1 8 5 . 1
5 2 36 6 . 8 8 6 . 6 3 1 . 9
5 2 3 0 6 . 8 5 273 86 61 6 6 7 2 . 2 5 7 . 5
5 1 0 1 6 . 8 1 1 5 . 7 1 3 3 . 9
5 1 6 0 6 . 7 6 2 . 0 2 3 . 8
5 1 7 3 6 . 7 5 2 . 3 2 7 . 3
5 1 6 2 6 . 7 0 223 20 2 6 85 7 5 0 2 . 6 3 5 . 3
5 2 6 0 6 . 6 6 1 . 9 3 1 . 2
5 2 5 1 6 . 6 0 2 . 6 3 3 . 8
5 2 5 7 6 . 6 0 2 . 6 2 9 . 5
5 1 7 5 6 . 5 7 270 29 38 178 361 6 . 0 6 8 .  1
5 1 5 7 6 . 5 6 3 . 1 3 6 . 6
5 1 8 6 6 . 5 5 263 108 3 6 9 1 5 3 3 6 . 7 2 6 . 8
5 1 5 9 6 . 5 6 3 2 5 2 0 33 67 5 83 3 . 5 6 1 . 6
5 2 5 6 6 . 6 9 2 . 0 2 7 . 2
5 1 8 2 6 . 3 8 2 2 8 115 65 7 5 6 166 . 9 3 1 . 3
5 2 2 9 6 . 2 7 188 1 26 2 6 9 6 7 2 .  1 2 0 . 0
5 1 0 2 6 . 0 5 2 3 8 106 62 2 6 9 2 1 9 6 . 1 1 0 5 . 0
5 205 3 . 9 2 138 103 2 6 7 66 5 38
5 1 6 5 3 . 7 6 5 3 6 9 0 26 6 2 02 9 . 6 3 9 . 7
5 2 3 2 3 . 6 1 177 1 56 3 5 8 93 3 1 0 . 8 1 1 . 1
5 2 1 1 2 . 9 3 9 8 8 0 23 8 2 1 7 16 1 . 6 2 1 . 6
5 2 0 3 2 . 7 6 1 . 7 1 5 . 1
AV 6 . 6 8 255 85 33 5 65 3 9 9 3 . 5 6 6 . 0
s . 1 2 6 5 21 5 108 68 . 6 1 1 . 8
S U B -A C ID
5 1 8 6 5 .  10 3 2 7 136 56 8 2 1 116 . 7 3 0 . 8
5 2 3 6 6 . 6 6 3 . 0 2 3 . 5
5 266 3 . 9 1 169 188 31 8 8 5 101 7 . 9 7 3 . 9
5 1 8 0 3 . 9 0 1 . 5 1 9 . 3
5 1 6 6 3 . 8 6 2 6 6 178 73 9 1 2 5 16 6 . 5 3 6 . 0
5 2 1 7 3 . 8 3 156 125 8 6 3 6 6 2 1 . 2 2 1 . 8
5 2 1 8 3 . 7 9 1 38 176 21 120 9 1 . 2 1 6 . 8
5 2 2 7 3 . 7 5 156 151 2 7 1 0 5 6 9 5 7 1 . 0 2 0 . 6
5 2 2 5 3 . 7 0 1 68 163 23 1 0 6 7 807 1 . 6 2 2 . 6
5 2 3 2 3 . 6 1 . 8 1 1 . 1
5 2 5 6 3 . 1 8 181 102 31 5 7 5 6 58 2 . 1 2 8 . 7
5 1 9 9 2 . 8 2 2 . 0 1 3 . 0
5 21 9 2 . 6 5 1 22 2 30 22 8 2 1 119 6 1 . 3 6 6 . 6
5 2 3 7 2 . 2 3 160 2 3 0 17 6 0 3 2 6 9 . 8 6 . 6
AV 3 . 6 3 176 166 33 881 6 8 6 1 . 6 2 6 . 5
S .  19 19 13 6 63 118 . 8 9 6 . 6
INTERMEDIA TE
5 2 5 3 6 . 0 8 2 7 7 2 35 36 1 53 7 1 . 1 6 2 . 9
5 1 6 8 6 . 0 6 178 2 39 22 303 1 1 5 6 6 . 6 6 6 . 6
5 18 9 3 . 2 7 189 229 1 . 3 2 1 . 3
5 2 3 5 2 . 6 9 6 . 2 2 1 . 9
5 2 2 3 1 . 9 5 . 7 2 2 . 0
AV 3 . 2 1 2 1 5 236 28 2 . 6 3 1 . 0
S . 6 0 . 7 9 5 . 6
BASIC
5 2 2 0 2 .  16 1 . 5 6 . 5
5 2 3 1 1 .2 9 33 186 16 6 6 7 6 92 . 6 1 . 9
5 26 7 1 . 0 8 1 . 0 1 . 5
5 2 6 6 . 9 7 21 252 11 1 62 136 . 2 2 . 6
5 1 8 7 . 9 6 1 . 2 2 . 3
5 239 . 9  2 57 271 9 181 63
5 18 3 . 7 2 29 281 6 2 1 8 160 . 7 3 . 8
5 26 1 . 7 0 8 589 10 3 6 3 769 1 . 2 7 . 2
5 23 8 . 6 6 . 2 . 8
5 20 9 . 5 2 9 287 12 119 2 0 6 . 5 1 . 1
AV . 9 9 26 322 11 2 6 5 3Ö6 . 8 3 . 0
S .  15 7 66 1 55 116 . 1 5 . 7
CAPE NATURAL ISTE -  AMPHIBOLITE FACIES
SAMP. NO. K RB SR PB BA ZR U TH
ACU>
5 1 2 1 5 . 3 9 1 . 5 2 2 . 8
5 1 9 1 5 . 3 6 2 . 0 3 5 . 1
5 1 4 1 5 . 1 8 250 1 5 4 4 8 1 0 6 9 13 7 . 4 2 0 . 5
5 1 4 5 5 . 1 3 2 6 4 104 57 6 6 4 146 . 1 3 2 . 3
5 1 2 4 5 . 0 8 1 . 3 1 5 . 1
5 1 0 8 5 . 0 7 2 1 4 52 44 5 3 2 6 7 9
5 1 1 9 5 . 0 6 2 . 1 3 1 . 7
5 1 1 2 5 . 0 5 3 3 7 101 49 BOB 4 9 5 3 . 5 3 1 . 5
5 1 9 5 4 . 5 6 1 . 2 2 3 . 5
5 1 7 9 4 . 5 4 1 6 6 9 5 29 8 1 8 7 2 7 2 . 4 2 3 . 6
5 1 1 0 4 . 5 2 2 . 2 2 2 . 5
5 1 2 2 4 . 4 5 2 . 2 2 8 . 6
5 1 7 6 4 . 4 2 2 2 0 171 51 8 41 185 . 4 3 4 . 8
5 1 3 7 4 . 3 4 1 8 3 54 25 8 6 1 4 2 9 2 . 0 2 0 . 3
5 1 1 1 4 . 2 9 2 . 7 3 0 . 4
5 1 2 7 3 . 4 1 1 32 159 35 7 6 9 5 6 9 1 . 8 2 4 . 7
5 1 0 9 3 . 0 0 2 . 2 3 2 . 4
AV 4 . 6 4 221 111 42 7 9 5 4 2 1 1 . 7 2 7 . 0
S .  16 2 3 16 4 55 85 . 2 3 1 . 5
SUB-AC 10
5 1 1 8 4 . 8 7 2 5 8 126 36 1 0 3 3 4 9 5 2 . 4 3 4 . 7
5 1 1 7 3 . 9 4 128 2 0 8 31 1 1 3 9 7 0 3 1 . 4 2 1 . 0
5 1 3 9 3 . 9 0 3 . 7 3 2 . 0
5 1 9 6 3 . 6 5 139 1 4 3 36 8 8 5 6 0 2 2 . 0 2 5 . 1
5 1 9 4 3 . 6 3 1 . 3 5 4 . 0
AV 4 . 0 0 1 7 8 159 35 1 0 1 9 6 0 0 2 . 2 3 3 . 0
s . 2 2 41 25 1 73 6 0 . 4 2 5 . 6
INTERMEDIATE
5 1 0 8 3 . 0 5 135 2 1 9 2 . 2 1 6 . 4
BASIC
5 1 1 6 1 . 5 4 2 . 3 1 1 . 3
5 1 2 6 1 . 1 3 . 6 8 . 9
5 1 2 8 1 . 0 5 16 3 2 0 13 3 52 2 4 7 1 . 1 5 . 6
5 1 0 7 . 9 7 . 7 2 . 8
5 1 1 5 . 8 0 17 6 0 3 11 4 1 7 1 7 4 . 8 5 . 3
5 1 3 5 . 8 0 9 5 48 8 2 5 8 2 21 . 7 5 . 5
5 1 3 1 . 5 9 . 6 3 . 9
5 1 3 4 . 4 2 . 1 1 . 9
5 1 1 4 . 3 4 . 0 1 . 1
AV . 8 5 14 4 9 0 11 3 42 2 1 4 . 8 5 . 0
s . 3 8 3 87 1 4 6 23 . 1 9 1 . 1
EYRE PENINSULA GRANULITES
SAMP. NO. K RB SR PB BA ZR U TH
ACID
5341 5 . 2 5 176 111 33 516 131 2 . 4 2 6 .6
534 2 5 . 0 4 161 128 41 580 133 1 .9 3 1 . 0
5335 4 . 6 3 326 89 38 692 161 3 . 8 4 5 . 6
5343 4 . 6 2 149 99 36 467 138 3 .2 3 2 . 3
5333 4 . 3 0 241 131 30 1105 291 3 . 3 19 .0
534 0 3 . 7 1 164 77 41 418 275 1 .8 1 6 .8
5337 3 . 6 8 205 175 28 992 3 . 4 17 .5
5338
5336
3 . 6 5
2 .2 1
214 174 26 963 300 2 • B 
1 . 0
17 .1
2 1 . 4
AV 4 . 1 2 204 123 34 717 204 2 . 6 2 5 .3
S .2 9 20 13 6 94 30 . 5 0 3 . 2
SUB-ACID
5344 4 . 0 9 129 173 32 742 164 1 .8 3 3 . 8
BASIC
5334 1 .  14 71 214 11 72 129 . 6 2 .1
5346 •  6 6 32 124 4 108 70 . 3 . 6
5361 , 5 7 17 211 7 157 125 . 4 1 .8
AV . 7 9 40 183 7 112 108 . 4 1 .5
S .1 8 16
EYRE
30
PENINSULA -
2 25
AMPHIBOLITE FACIES
19 .11 . 4
SAMP. NO. K RB SR PB BA ZR U TH
ACID
5358 5 . 7 2 173 114 70 364 110 1 .5 3 1 .6
5357
5351
5 . 0 8
5 . 0 3
351 32 52 143 123 2 . 1
9 . 0
5 3 . 6
1 0 2 .0
5331
5329
5 . 0 0
4 . 5 5
349 93 37 700 241 * . 6
3 2 . 2
4 2 . 3  
1 1 2 . 5J
5354 4 . 5 4 242 95 34 980 486 2 . 4 2 8 . 6
535 2 4 . 2 9 250 96 32 789 187 2 . 7 2 0 .2
5348 4 . 2 6 214 90 35 531 160 3 . 4 3 9 . 6
536 2 4 . 1 9 316 130 28 722 197 1 2 .0 7 4 . B
5330 3 . 9 0 199 241 38 943 231 2 . 5 1 8 .9
5359 3 . 4 3 174 8 6 30 1124 175 3 . 0 1 6 .6
5360 3 . 1 1 164 41 42 65 25 2 . 2 2 . 2
5349 2 . 9  1 170 99 17 75 17 2 . 6 1 .7
AV 4 . 3 1 236 102 38 585 177 6 . 2 4 1 . 9
s . 2 3 23 16 4 114 38 2 . 3 0 9 . 9
SUB-ACID
5328 4 . 5 8 234 153 30 874 315 4 . 0 2 4 . 6
53 26 4 . 4 3 255 109 28 850 245 1 . 8 2 4 .0
5353 4 . 3 9 284 76 33 880 479 4 . 7 3 2 . 4
5350 3 .8 8 2 2 2 73 16 592 157 3 . 9 14 .3
5355 3 . 8 6 221 165 30 719 153 2 . 6 1 5 .7
*V 4 . 2 3 242 105 27 783 270 3 . 4 2 2 . 2
S .1 5
INTERMEDIATE
11 20 3 56 60 .61 1 0 .5
5327 2 .5 0 112 243 14 1160 301 2 . 8 13 .3
BASIC
5332 1 .23 9 171 9 267 123 . 8 4 . 9
5325 . 9 7 41 149 10 175 127 1 .5 2 . 2
5356 .9 4 54 176 10 280 118 1 .0 2 . 0
AV 1.04 34 185 10 241 123 1 . 1 3 . 0
s . 0 9 13 16 33 3 . 2 0 .9
s a m p le s  from t r a v e r s e  acr o ss
SOUTHWEST ARCHAEAN SHIELD 
EXCLUOING KALGOORLIE GREENSTONES
SAMP. NO. K RB SR PB BA 2R U TH
ACID
7 1 7 1 /1 5 .2 0 180 153 61 587 167 3 .2 3 1 .9
7 1 7 3 /2 6 .8 0 138 223 23 53 .3 9 .7
7150 6 .5 7 255 168 69 1701 313 1 0 .3 6 6 .5
7 1 6 6 /1 6 .5 3 126 777 33 2816 782 1 .3 2 0 .6
H 11 6 .5 0 2 .7 2 2 .6
7 1 6 5 /1 6 .3 5 160 196 58 1087 136 .3 2 0 .2
V 122 6 .2 6 1 .5 3 5 .6
H6 6 .2 0 6 .6 5 0 .3
V 121 6 .  15 6 .3 3 5 .0
H19 6 .  13 3 .9 3 8 .2
LDH 6 .0 8 220 170 9 .0 7 2 .0
7163 6 .0 3 125 82 68 736 69 1 5 .2 8 .8
H 12 3 .9 8 2 .6 1 0 .6
7176 3 .9 5 138 66 66 197 52 3 .0 2 .8
7 1 6 6 /2 3 .9 1 136 569 30 2307 1100 1 .8 3 0 .6
7155 3 .8 6 306 166 58 982 165 2 .5 6 6 .0
7153 3 .8 2 69 385 67 1099 271 3 .0 6 2 .9
L1C 3 .8 1 1 0 .6 8 1 .0
7166 3 .8 1 197 172 26 1360 335 7 .5 3 3 .0
7169 3 .8 1 118 215 33 1618 105 1 .8 9 .2
7160 3 .7 3 182 60 67 228 61 6 .8 7 .9
7175 3 .7 1 169 160 36 885 226 7 .1 6 6 .7
7159 3 .6 6 197 86 70 635 221 2 1 .2 8 7 .0
L22A 3 .6 6 5 .2 3 9 .8
7 1 7 1 /2 3 .6 3 135 226 36 986 316 5 .9 6 5 .6
7 1 6 2 /3 3 .6 6 106 176 67 1506 127 1 .7 2 2 .9
H51 3 .6 6 2 .6 1 8 .6
L 19 3 .6 2 3 .9 2 7 .6
7 1 6 7 /1 3 .3 9 126 186 36 929 63 1 .0 7 .8
7177 3 .3 5 128 82 66 1732 17 .8 7 .3
5152 3 .2 0 .1 1 6 .1
7168 3 .1 2 116 181 32 666 101 1 .2 1 2 .7
7156 3 .0 7 160 196 32 1002 117 2 .5 1 6 .6
7161 2 .9 1 136 253 56 1787 66 5 .0 1 3 .7
7 1 6 2 /1 2 .7 3 126 261 29 1312 210 2 .7 1 7 .8
7172 2 .1 2 99 266 32 160 1 .9 2 0 .2
AV 3 .8 0 152 216 66 1179 215 6 .6 3 0 .3
SUB-ACID
5156 3 .6 6 178 1 .0 2 1 .2
L6C 3 .6 2 1 .6 5 .1
H10 3 .6 7 1 .6 1 1 .0
7 170 3 .3 6 115 282 31 1651 167 .5 1 1 .6
V273 3 .2 8 2 .1 1 3 .6
7 152 3 .2 2 103 315 32 1696 91 1 .1 1 6 .0
7168 2 .8 6 132 366 36 869 91 1 .7 7 .7
7156 2 .8 0 112 320 36 1368 157 .5 1 7 .0
7178 2 .7 7 130 103 22 693 226 2 .1 1 3 .8
H52 2 .6 9 6 .0 8 .2
7 1 8 0 /2 2 .6 8 201 90 26 626 266 6 .6 2 2 .2
7157 1 .8 1 91 300 17 829 231 .5 1 0 .5
7 1 7 7 /2 1 .28 65 91 110 782 166 3 .1 2 6 .6
AV 2 .8 8 123 230 36 1012 176 2 .0 1 6 .0
INTERMEDIATE
7 1 6 2 /2 2 .1 5 108 761 1767 213 3 .8 3 0 .0
7 179 /1 2 .0 5 129 386 106 881 1 .9 2 0 .1
7169 1 .27 89 157 37 823 211 6 .2 2 0 .1
AV 1 .8 2 109 628 71 1150 212 3 .3 2 3 .3
BASIC
7 1 6 7 /2 1 .18 105 508 17 686 126 3 .0 6 .0
7 1 7 3 /1 0 .6 8 6 110 2 13 2 .5 1 2 .6
7176 .5 6 22 169 2 169 167 .7 2 .8
7 1 7 9 /2 .1 7 9 92 39 .8 1 .7
AV .6 6 35 215 16 316 101 1 .8 5 .3
SOUTHWEST ARCHAEAN SHIELD
GREENSTONES AND ASSOCIATED ROCKS
SANP. NO. K U TH RB SR
SEDIMENTS
HA 7 5 .6 6 1 .1 A .6
HAA 3 .7 6 1 .3 7 .2
H21 3 .6 2 1 .7 1 7 .1 110 101
HA 5 3 .0 8 .8 7 .8
H36 2 .9 8 l . A 7 .3
H3 2 2 .7 8 2 .8 7 .3 121 5A6
HA 1 2 . SO l . A 1 1 .2 91 8
HA 2 2 .A 6 2 .0 A . 8
H37 2 .3 0 1 .3 1 2 .A
M3 8 1 .9 6 2 .0 5 .6
V2A8 1.A 2 l . A 5 .5 A9 257
H I .8 7 1 .6 3 .9
H5 .8 6 1 .7 8 .7 33 271
H30 .5 0 2 1 .6 7 .2
AV 2.A 6 1 .5 8 .0 81 2 AO
FELSIC IGNEOUS
V 122 A .2 A 1 .5 3 5 .6
V 121 A . 15 A . 3 3 5 .0
H13 3 .1 2 .9 6 .8
H17 3 .0 1 1 .9 7 . A 75 76
V220 2 .8 5 2 .9 9 .9 69
H27 2 .6 8 2 .5 2 0 .3
H20 2 .5 2 2 .0 7 .7
V 233 2 .2 1 .9 7 .6
H2A 1 .7 5 l . A 6 .2
V 238 1 .7 0 .0 5 .9
H1A0 1 .6 7 2 .5 9 .8
H35 1.5A .7 8 .1
V 1388 1 .5 2 3 .7 8 .0
V 179 1 .3 6 1 .1 A . 3
HA6 1 .3 3 l . A 5 .7
V 255 1 .2 1 1 .3 5 .1 3A 25A
H23 .8 6 1 .1 8 .1
H 139 • 8A 1 0 .7 1 9 .6
H IS .2 9 A . 5 5 1 .0
AV 2 .0 0 1 .7 1 1 .0 60 165
BASIC C ULTRABASIC (GREENSTONES)
H22 1 .8 1 1 .6 7 .7 67 268
H53 1.79 .3 « 3
V19A 1 .7 3 .0 l . A 132 71
V237 1 .6 0 1 .1 6 .3 63 679
M31 1 .2 8 1 .2 5 .3 A7 1262
H25 .8 9 1 .1 A .A 36 325
V230 .  A6 .3 1 .0 17 162
H33 .3 3 .0 .3 15 175
H3A .2 5 .1 .A
HAO .2 1 .3 1*6 13 1A8
V 127 .2 0 .0 .5 19 203
H26 .  17 .0 .7 2 113
H50 .  15 .1 .5
H1A3 .1 0 .1 .2
H1AA . 10 .0 .0
HA9 .0 8 .2 .2
H1A1 .0 8 .0 .0
H1A2 .0 8 .1 .2
H7 .0 7 .0 .2
V205 .0 6 1 .3 5 .8
H2 .0 6 .3 .9
HA 8 .0 6 .0 .1
H28 .0 5 .0 .0
H29 .0 5 .0 .0
V227 .0 5 .1 .8
H8 .OA .0 .0
V 22A .OA .6 1 .0
HA .0 3 .1 .1
V 190 .0 3 .0 • 6
V22AA .0 3 .3 .8
V229 .0 0 .0 .0
AV .AO .3 1 .0
SOUTHWEST SHIELD -  ARCHAEAN SAMPLES 
SUPPLIED BY B . M . R .
SAMP. NO. K
E E L S IC
1 5 0 / 3 / 2 A . 76
1 5 0 / 7 / A 4 , 4 2
1 5 0 / 3 / 1 4 . 3 2
H 5 0 / 1 6 / 3 7 4 . 2 6
H5 1 / 5 / 2 4 . 2 4
H 5 1 / 1 3 / 1 5 1 4 . 0 2
1 5 0 / 4 /A 3 . 9 7
H 5 1 / 1 3 / 4 9 3 . 8 8
1 5 0 / 6 / 3 3 . 8 7
H5 1 / 9 / A 3 . 8 7
1 5 0 / 3 / 3 3 . 7 5
1 5 0 / 7 / 1 3 . 7 1
H 5 0 / 1 A / 8 2 3 . 6 4
H 5 0 / 1 5 / 9 3 3 . 6 4
H 5 1 / 5 / 1 3 . 5 5
1 5 0 / 2 / 2 3 9 3 . 4 4
1 5 0 / 7 / 3 3 . 4 1
1 5 0 / 8 / 1 3 . 3 4
1 5 0 / 3 / 5 3 . 3 2
I 5 0 / 3 / 3 A 3 . 2 1
1 5 0 / 7 / 6 3 . 1 1
1 5 1 / 2 / 1 6 5 3 . 1 1
1 5 0 / 1 0 / 2 3 . 0 2
1 5 0 / 8 / 6 3 . 0 0
1 5 0 / 2 / 1 2 5 2 . 9 8
1 5 0 / 6 / 5 2 . 9 7
H 5 1 / 1 5 / 1 2 . 8 5
1 5 0 / 3 / 7 2 . 8 3
I 5 / / 2 / 2 2 . 7 2
1 5 0 / 7 / 2 2 . 6 7
1 5 0 / 8 / 6 2 . 5 9
1 5 0 / 8 / 3 2 . 5 6
I 5 0 / 6 /A 2 . 5 5
H 5 0 / 1 6 / 3 3 2 . 5 2
1 5 1 / 2 / 6 2 . 5 2
1 5 0 / 3 / 6 2 . 5 0
H 5 0 / 1 6 / 3 A 2 . 2 5
I 5 0 / A / 6 2 . 2 2
1 5 0 / A / 3 8 2 .  18
1 5 1 / 2 / 1 2 . 0 7
1 5 0 / 2 / 8 5 1 .  10
1 5 0 / 1 0 / A 1 . 0 6
AV 3 . 1 4
BASIC
1 5 0 / 2 / 1 5 7 . 2 0
U TH
7 . 6 5 2 . 3
3 . 0 1 8 . 6
. 8 1 5 . 1
1 4 . 8 5 4 . 2
6 . 1 5 2 . 0
4 . 1 5 5 . 3
3 . 9 3 9 . 0
2 . 1 4 4 . 7
6 . 4 4 3 . 0
5 . 0 3 4 . 2
. 1 1 7 . 5
7 . 1 2 7 . 6
7 . 0 2 1 . 3
1 2 . 6 3 3 . 9
4 . 5 2 7 . 3
2 . 2 3 3 . 4
9 . 6 3 7 . 4
2 . 3 2 0 . 4
. 4 8 . 9
. 1 4 2 . 7
1 . 2 9 . 3
2 . 9 1 5 . 5
. 9 2 1 . 9
. 3 1 6 .  1
3 . 2 2 6 . 3
7 . 5 3 3 . 3
1 . 8 1 9 . 6
4 . 6 4 1 . 5
3 . 2 8 . 5
2 . 4 6 . 1
. 7 1 9 . 5
4 . 7 1 1 . 5
2 . 8 2 6 . 7
3 . 7 2 5 . 9
2 . 6 1 1 . 4
1 . 7 5 . 6
1 . 8 1 2 . 4
1 . 2 1 6 . 2
. 7 1 8 . 1
4 . 5 1 0 . 1
1 . 4 2 2 . 3
1 . 8 8 . 3
3 . 6 2 5 . 4
. 7  3 . 3
EAST KIMBERLEYS -  GRANULITES
SAMP. NO. K RB SR PB BA ZR U
S UB -A CIO
G A5079 3 . 2 3 126 139 6 . 6
GA975 3 .  10 183 80 6 9 5 189 3 . 9
AV 3 . 1 6 1 55 110 6 9 5 189 5 . 3
INTE RMEDIATE
G A1 0 93 2 . 5 0 123 9 2 8 6 1 314 2 . 8
G A5078 1 . 4 2 51 582 . 6
GA957 1 . 4 0 4 6 481 5 8 6 173 . 7
AV 1 . 7 7 73 385 7 2 3 2 4 4 2 . 1
B AS IC
GA9 59 . 7 4 38 175 2 61 94 1 . 1
G A 1102 . 4 0 16 141 178 45 . 2
GA955 . 2 9 12 239 1 75 30 . 4
G A5 0 46 . 2 7 9 154 . 4
G A1083 . 2 0 3 253 87 34 . 1
G A 108 2 . 2 0 2 9 7 . 3
AV . 3 5 13 177 175 51 . 4
TH
2 2 . 1
2 2 .0
2 2 . 1
3 2 . 0  
A . 3 
2 . 9
1 3 . 1
A . 3 
1 . 9  
1 .2  
1 .2  
.0  
1 . 0
1 . 6
AREAS CONTAINING LOW PRESSURE GRANULITES , NOT STUDIED IN DETAIL
SAMP. NO. K RB SR PB BA ZR U TH
NORTHAMPTON
ACID
5368 5 . 5 3 193 96 639 95 2 . 7 1 6 . 6
5373 5 . 2 2 137 172 1080 223 2 . 9 35 .2
5369 5 . 0 0 191 166 1108 77 2 . 6 . 8
5371 6 . 7 0 296 67 651 108 6 . 9 2 0 .9
5370 6 . 5 6 200 195 1129 65 1 .8 1 6 . 6
5366 6 . 3 5 223 167 1319 6 . 6 6 5 . 8
SUB-ACID
5372 6 . 3 0 263 180 837 251 2 . 9 3 0 .0
5376 3 . 9 9 236 113 1060 257 3 . 0 3 8 . 9
5375 3 . 2 5 189 115 1209 266 3 .1 3 0 .7
5379 3 . 0 7 150 206 1167 1 .7 1 9 .7
5376 2 .9 6 156 165 902 289 1 .6 2 3 . 6
5378 2 . 6 1 176 186 972 669 6 . 0 6 6 . 0
5380 2 .2 7 165 237 969 2 . 7 9 6 . 5
5377 2 .  18 98 136 725 226 2 . 5 2 5 . 7
5367 . 7 7 38 129 606 3 . 5 2 6 . 6
DANGIN
7 1 7 3 / 2 6 . 8 0 138 223 22 53 .3 9 . 7
7175 3 . 7 1 169 160 36 885 226 7 .  1 6 6 . 7
7 1 7 3 /1 . 6 8 6 110 2 13 2 . 5 1 2 .6
7176 .5 6 22 169 2 169 167 . 7 2 . 8
YORK
7 1 8 0 /1 6 . 8 9 233 89 68 766 37 5 . 7 9 . 3
5156 3 . 6 6 178 1 .0 2 1 . 2
7177 3 . 3 5 128 82 66 1732 17 . 8 7 . 3
7178 2 .7 7 130 103 22 693 226 2 . 1 1 3 .8
7 1 8 0 /2 2 .68 201 90 26 626 266 6 . 6 2 2 .2
7 1 7 9 /1 2 .0 5 129 386 106 881 1 .9 2 0 . 1
7 1 7 7 /2 1 .28 65 91 110 782 166 3 .1 2 6 . 6
7 1 7 9 / 2 .  17 9 92 39 . 8 1 .7
5106
ALBANY
5 . 1 2 3 . 0 6 9 .5
5105 6 . 8 0 3 .  1 3 5 . 6
5103 2 .5 7  81 1 .3 12 .7
5106 1 .77 2 . 2 9 . 8
ESPERANCE
7165 3 .1 5 22 381 1 .0 1 6 .6
7 1 6 6 /2 2 .8 3 166 588 23 2017 961 2 .  1 1 5 . 7
SOUTHWEST SHIELD - PROTEROZOIC SAMPLES
SUPPLIED BY B.M.R .
(MAINLY FROM SOUTH COAST OF W• A. )
SAMP. NO. K U TH
1 5 0 / 6 / 1 5 .9 5 7 . 3 9 . 0
1 5 1 /7 / 1 8 9 5 . 6 6 1 5 . 7 1 3 5 .8
1 5 1 / 3 / 3 5 .1 7 3 .9 108 .9
1 5 0 / 5 / 1 5 . 0 3 5 . 2 9 7 . 1
1 5 1 / 7 / 6 6 . 8 8 8 . 6 6 7 . 5
1 5 1 / 3 / 6 6 . 8 7 1 0 . 6 9 1 . 2
1 5 1 / 6 / 2 6 . 8 5 2 . 6 2 2 .8
1 5 0 / 1 0 / 1 6 . 6 8 5 .1 3 6 . 5
1 5 1 / 6 / 1 1 6 . 6 6 5 . 5 6 3 . 8
5381 6 . 3 5 2 . 6 2 5 . 8
1 5 1 / 7 / 1 6 . 2 5 1 0 .6 1 3 8 .7
1 )5 0 /1 1 /6 6 .  18 6 . 6 6 6 . 8
1 5 0 /1 1 / 2 2 1 6 . 0 7 2 . 8 2 6 .9
1 5 0 / 1 1 / 2 2 2 6 . 0 2 6 . 6 6 7 . 2
1 5 0 / 1 0 / 3 - 3 .9 8 2 . 0 1 7 .6
1 5 0 / 8 / 3 . 9 8 2 . 8 3 5 . 0
1 5 0 / 2 / 1 2 6 3 . 9 7 3 .1 3 2 .3
1 5 1 / 7 / 1 8 6 3 . 7 5 2 . 8 2 8 . 6
1 5 0 /1 1 / 1 3 . 6 5 .9 2 0 . 6
1 5 0 / 1 1 / 3 3 . 6 5 . 0 5 . 0
1 5 1 / 3 / 1 3 .9 3 1 .2 11 .1
5382 1 .26 1 1 .9 2 6 .2
BASIC
1 5 0 / 9 / 1 . 5 9 . 3 6 . 0
APPENDIX E
Element ratios for individual samples, listed in 
order of APPENDIX D.
U/K*
TH/K*
AV
S
= (U/K) x 104
= (TH/K) x 104
= mean ratio for each rock group 
= standard error of the means.
MUSGRAVE
SAMP. NO. K/RB K/PB
529 1 228 2551
5268 318 209 4
5 269 243 1843
527 0 242 1481
AV 258 1992
S 21 225
5 294 238 9 78
5314 226
53 16 217
5267 185 701
AV 217 840
S 11
5312 138
5271 258 701
53 13 85
5309 93
AV 144 701
S 40
5283 698 776
5280 677 699
A253/R88A 18 1471
AV 688 982
S 245
529 2 149 1086
5307 16 2
5278 216 1225
5286 247 1656
5 265 362 1457
5281 321 2090
5311 182
5274 24 2 1133
5 266 3 23 1159
5 277 39 2 1280
5310 180
5308 121
AV 241 1386
S 31 120
AMPHIBOLITE FACIES
U /K * TH/K * TH/U
.1 .2 2 . 2
.1 . 4 3 . 3
. 1 6 . 0 4 8 . 0
.3 3 . 2 1 2 .5
.2 2 . 5 6 . 0
.0 5 1 . 4 3 .2
. 4 3 . 0 7 . 9
.3 4 . 9 1 7 .8
.1 1 .3 1 1 .0
• 6 7 . 7 1 3 .8
.4 4 . 0 1 2 .6
.1 1 1 . 4 2 . 1
. 3 3 . 3 10 .3
.1 1 .7 1 4 .5
1 .6 6 . 7 4 . 3
1 .3 8 . 8 6 . 7
.8 5 .1 9 . 0
. 3 6 1 . 6 2 . 2
1 .5 1 .5 1 .0
1 .4 2 . 7 2 . 0
2 . 6
1 .5 2 . 1 1 .8
.7 1 5 .8 2 1 . 7
1 .6 1 3 .5 8 . 6
.1 1 .6 1 2 .9
.2 2 . 8 131 .
. 0 .3 12 .2
.1 1 .5 2 4 . 4
.3 1 .0 3 . 2
. 3 1 .1 3 . 6
.1 1 .6 1 3 .8
.1 . 6 4 . 6
.2 2 . 7 1 3 .5
1 .4 9 .1 6 . 6
. 4 4 . 3 1 1 .3
.1 6 1*6 2 . 2
RANGE -
K/BA
17
58
76
46
49
12
19
32
31
29
28
3
25
20
18
8
18
4
27
10
3
13
7
59
82
29
27
23
42
72
20
17
16
32
33
38
6
FRASER RANGE -  GRANULITES
SAMP• NO. K/RB K/PB K/BA U/K* TH/K* TH/U
7 1 2 1 / 1 3 6 6 2 0 7 2 92 . 1 . 0 . 0
7 1 1 1 / 1 184 127 5 251 . 2 3 . 4 1 0 . 3
7 1 1 1 / 2 217 1 2 5 1 . 2 3 . 4 2 1 . 9
7 1 1 4 157 157 8 . 0 2 . 4 1 0 1 . 3
7 1 1 2 / 1 220 . 0 1 . 4 5 8 . 3
7 1 1 4 / 2 157 145 5 91 . 2 3 . 4 1 6 . 3
7 1 1 0 166 1 5 2 1 . 1 . 1 1 . 0
7 1 2 1 / 2 4 0 3 2 1 8 3 . 0 . 0 . 4
7 1 1 2 / 3 . 1 . 4 2 . 9
AV 234 1 6 2 0 144 . 1 1 . 6 1 3 . 9
S 38 170 50 . 0 3 . 5 6 .  1
7 1 0 3 / 2 4 6 0 145 6 39 . 1 . 1 1 . 0
7 1 1 5 / 1 3 0 5 145 3 42 .  1 . 4 3 . 3
7 1 0 6 / 1 2 55 1 5 6 4 50 . 0 . 2
7 1 0 5 / 2 3 4 7 '  1 228 40 . 1 . 1 1 . 0
7 1 0 6 / 2 267 1 0 8 9 48 . 2 . 7 3 . 0
7 1 1 5 / 2 3 0 8 773 . 2 1 . 3 6 . 3
7 1 2 2 / 2 4 1 0 9 3 3 19 . 3 • 6 2 . 0
AV 3 1 5 1 1 7 5 39 . 1 . 5 3 . 1
S 23 105 5 . 0 4 . 3 . 9
7 1 0 5 / 1 371 738 24 . 8 2 . 9 3 . 8
7 1 0 4 5 8 5 6 3 7 . 0 . 0 . 4
7 118 7 3 3 6 57 15 . 6 1 . 6 2 . 8
7 1 1 5 / 3 2 44 6 4  5 21 1 . 3 3 . 7 2 . 8
7 1 0 1 / 1 236 861 19 . 7 5 . 3 8 . 0
7 1 0 3 / 1 209 6 4 8 28 1 . 2 4 . 4 3 . 6
7 1 1 2 / 2 238 809 22 . 7 5 . 5 7 . 5
7 1 0 8 3 5 2 4 9  5 28 . 2 3 . 5 1 7 . 0
7 1 1 9 274 701 10 . 9 3 . 7 4 . 4
7 1 0 7 26 0 5 4 8 16 . 4 4 . 3 1 0 . 0
7 1 2 2 / 1 3 2 2 319 . 3 2 . 6 8 . 2
7 1 2 3 4 0 0 4 7 4 1 . 2
AV 3 5 2 6 2 8 20 . 7 3 . 4 6 . 2
s 49 33 6 . 1 3 . 5 . 5
SAMP. NO. K/RB
FRASER
K/PB
RANGE
K/BA
-  AMPHIBOLITE 
U/K*
FACIES
TH/K* TH/U
7 1 2 9 / 3 186 36 • 8 1 6 . 2 2 1 . 0
7 1 3 2 194 47 . 2 1 8 . 5 7 4 . 8
7 1 0 2 / 1 275 66 . 6 . 6 . 9
7 1 2 8 273 1 0 8 3 48 . 3 3 . 9 1 3 . 2
7 1 3 3 214 28 . 7 7 . 8 1 1 . 9
AV 22 8 1083 45 . 5 9 . 4 1 1 . 8
S 19 16 . 1 2 3 . 2 1 . 0
7 1 3 4 2 27 1 2 3 7 36 • 6 3 . 7 6 . 0
7 1 2 4 224 1209 38 . 3 3 . 1 1 0 . 5
7 1 2 6 3 9 0 9 3 3 34 . 2 3 . 7 2 0 . 0
7 1 3 6 219 144 0 43 . 4 4 . 1 1 0 . 0
7 1 3 5 164 133 1 38 . 8 5 . 8 7 . 5
7 1 2 5 243 1093 19 . 6 4 . 4 7 . 4
AV 244 120 7 35 . 5 4 . 1 1 0 . 2
S 31 70 3 . 0 9 . 4 2 . 1
7 1 0 0 / 1 4 5 2 2 4 0 0 46 1 . 6 . 0
7 1 0 0 / 1 6 0 0 300 4
CAPE NATURAL 1STE GRANULITES
SAMP. NO. K /R B K /P B K /B A U / K * T H / K * TH /U
5 1 6 3 . 8 7 . 6 8 . 9
5 249 196 1 06 2 44 . 2 4 . 2 1 8 . 5
5 2 1 3 144 1621 9 5 . 7 1 6 . 7 2 3 . 5
5 1 8 5 179 8 5 4 95 1 . 4 1 5 . 7 1 1 . 6
5 2 1 2 205 1178 4 51 . 4 1 8 . 2 4 0 . 5
5 2 3 6 . 9 6 . 5 7 . 3
5 2 3 0 177 793 75 . 5 1 1 . 8 2 6 . 1
5 1 0 1 3 . 3 2 7 . 9 8 . 5
5 1 6 0 . 4 5 . 0 1 1 . 9
5 1 7 3 . 5 5 . 7 1 1 . 9
5 1 6 2 211 19 58 5 33 . 6 7 . 6 1 3 . 6
5 2 6 0 . 4 6 . 7 1 6 . 7
5 2 5 1 . 5 7 . 3 1 3 . 0
5 2 5 7 . 5 6 . 4 Ü 2 . 3
5 1 7 5 170 1209 2 5 7 1 . 3 1 0 . 3 8 . 0
5 1 5 7 . 7 7 . 6 1 1 . 2
5 1 8 4 188 1262 50 . 2 5 . 9 3 8 . 3
5 15 9 140 1 35 9 678 . 8 9 . 6 1 1 . 9
5 256 . 4 6 . 1 1 3 . 6
5 1 8 2 19 2 9 7 9 58 . 2 6 . 9 3 4 . 8
5 229 228 1802 45 . 5 4 . 7 9 . 5
5 1 0 2 170 9 6 5 150 1 . 0 2 5 . 6 2 5 . 6
5 205 285 1509 51
5 1 6 5 70 1 4 4 4 2 . 6 1 1 . 1 4 . 2
5 2 3 2 207 1022 4 0 . 2 3 . 1 1 3 . 8
5 2 1 1 3 0 0 1 26 8 36 . 5 7 . 1 1 5 . 3
5 203 . 6 5 . 4 8 . 9
AV 19 2 1268 83 . 8 9 . 6 1 6 . 1
S 13 103 19 . 1 4 1 . 2 1 . 8
5 1 8 6 156 9 1 2 62 . 1 6 * 1 4 4 . 0
5 234 . 7 5 . 3 7 . 8
5 246 2 62 126 9 44 . 2 1 9 . 1 8 2 . 1
5 1 8 0 . 4 5 . 0 1 2 . 9
5 1 6 6 158 5 2 7 42 1 . 2 9 . 3 8 . 0
5 2 1 7 249 4 4 . 3 5 . 7 1 8 . 2
5 2 1 8 274 1 8 1 0 31 . 3 4 . 4 1 4 . 0
5 2 2 7 244 1383 36 . 3 5 . 5 2 0 . 6
5 2 2 5 251 162 9 35 . 4 6 . 1 1 4 . 1
5 2 3 2 . 2 3 . 1 1 3 . 9
5 254 175 1 02 3 55 . 7 9 . 0 1 3 . 7
5 19 9 . 7 4 . 6 6 . 5
5 21 9 217 1 2 1 6 32 . 5 1 6 . 8 3 4 . 2
5 2 3 7 159 1282 37 . 4 2 9 . 6 8 . 3
AV 215 1228 42 . 5 9 . 3 1 6 . 6
S 15 4 0 3 . 0 8 2 . 0 3 . 0
5 2 5 3 147 1 2 0 0 27 . 3 1 0 . 0 3 9 . 0
5 1 6 8 227 1819 133 1 . 1 1 1 . 4 1 0 . 1
5 1 8 9 171 . 4 6 . 5 1 6 . 3
5 2 3 5 1 . 6 8 . 1 5 . 2
5 2 2 3 . 4 1 1 . 3 3 1 . 4
AV 182 150 9 80 . 7 9 . 5 2 0 . 4
s 23 . 2 6 . 9 6 . 4
5 2 2 0 . 7 2 . 1 3 . 0
5 2 3 1 39 7 821 28 . 3 1 . 5 4 . 8
5 247 1 . 0 1 . 5 1 . 5
5 244 4 6 2 1 06 5 68 . 2 2 . 4 1 3 . 1
5 1 8 7 1 . 3 2 . 4 1 . 9
5 239 237 1 3 9 4 51
5 1 8 3 253 1200 34 . 9 5 . 3 5 . 7
5 2 6 1 8 4 0 6 8 0 20 1 . 7 1 0 . 1 6 . 0
5 2 3 8 . 3 1 . 3 4 . 0
5 20 9 5 65 4 4 4 44 1 . 0 2 . 0 2 . 1
AV 4 5 9 9 3 5 41 . 8 3 . 2 4 . 7
S 90 160 7 . 1 7 . 9 3 . 2
CAPE NATURAL ISTE -  A M P HIBO L ITE  FA C IE S
SAMP. NO. K /R B K /P B K /B A U / K * T H / K * TH /U
5 1 2 1 . 3 * . 2 1 5 . 2
5 19  1 . * 6 . 5 1 7 . 6
5 1 * 1 207 1077 * 9 . 1 * . l 5 1 . 3
5 1 * 5 1 9 * 89  8 77 . 0 7 . 0 3 2 3 .
5 1 2 * . 3 3 . 0 1 1 . 6
5 1 8 8 237 1 1 5 2 95
5 11 9 . * 6 . 3 1 5 . 1
5 1 1 2 150 1 0 2 8 63 . 7 6 . 1 9 . 0
5 1 9 5 . 3 5 . 2 1 9 . 6
5 17 9 273 1 58 1 56 . 5 5 . 0 1 0 . 0
5 1 1 0 . 5 5 . 0 1 0 . 0
5 1 2 2 . 5 6 . * 1 3 . 0
5 1 7 6 201 8 7 * 53 . 1 8 . 1 8 7 . 0
5 1 3 7 238 1 7 2 2 50 . 5 * . 7 1 0 . 2
5 1 1 1 . 6 7 . 1 1 1 . 3
5 1 2 7 258 9 7 7 * * . 5 7 . 0 1 3 . 7
5 1 0 9 . 7 1 0 . 8 1 * .  6
AV 220 1 1 6 * 61 . * 6 . 0 1 5 . 9
S 1* 1 12 19 . 0 5 . 5 2 . 9
5 11 8 189 1 3 * 5 * 7 . 5 7 . 2 1 * . 7
5 1 1 7 3 08 1270 35 . * 5 . * 1 5 . 0
5 1 3 9 . 9 8 . 2 8 . 6
5 1 9 6 261 1019 * 1 . 5 6 . 7 1 2 . 5
5 1 9 * . * 1 * . 9 * 1 . 5
AV 253 1 2 1 1 * 1 . 5 8 . 5 1 8 . 5
S 33 100 2 . 0 9 3 . 2 5 . 9
5 1 0 8 2 2 2 . 7 5 . 0 7 . 5
5 1 1 6 1 . 5 7 . 3 * . 9
5 1 2 6 . 5 7 . 9 1 *  .  6
5 12 8 6 5 6 802 30 1 . 1 5 . 6 5 . 1
5 1 0 7 . 7 2 . 8 * . 0
5 1 1 5 * 7 1 727 19 1 . 0 6 . 6 6 . 6
5 1 3 5 9 3 0 105 3 31 . 8 7 . 0 8 . 5
5 1 3 1 1 . 0 6 . 6 6 . 8
5 1 3 * . 2 * . 5 1 9 . 0
5 1 1 * 3 . 0
AV 6 8 6 861 27 . 8 5 . 7 8 . 7
S 1 3 * 9 5 * . 1 5 2 . 0 2 . 0
EYRE PEN INSULA GRANULITE S
SAMP. NO. K /R B K /P B K /B A U / K * T H / K * TH /U
5 3 4  1 299 1 5 9 0 102 . 5 5 . 1 1 1 . 1
5 3 4 2 3 1 3 1217 87 . 4 6 . 2 1 6 . 3
5 3 3 5 14 2 1 2 0 5 67 . 8 9 . 8 1 2 . 0
5 3 4 3 3 0 0 1298 9 9 . 7 7 . 0 1 0 . 1
5 3 3 3 178 1 44 2 39 . 8 4 . 4 5 . B
5 3 4 0 226 9 1 4 89 . 5 4 . 5 9 . 3
5 3 3 7 179 1 3 2 4 37 . 9 4 . 8 5 . 1
5 3 3 8 171 141 5 38 . 8 4 . 6 6 .  1
5 3 3 6 . 5 9 . 7 2 1 . 4
AV 2 26 1 3 0 0 70 . 7 6 . 2 1 0 . 8
S 24 73 10 . 0 6 . 7 1 . 6
5 3 4 4 3 1 8 1290 55 . 4 8 . 3 1 8 . 8
5 3 3 4 160 1407 103 . 5 1 .8 3 . 5
5 3 4 6 206 1 8 8 6 61 . 5 . 9 2 . 0
5 3 6 1 329 781 3 6 . 7 3 . 2 4 . 5
AV 23 2 135 8 67 . 6 2 . 0 3 . 3
S 17 3 3 0 19 . 0 7 . 7 . 7
EYRE PENINSU LA - AMPHIBO LITE FACIES
SAMP. NO. K /R B K /P B K /B A U / K * T H / K * TH /U
5 3 5 8 3 2 5 8 1 7 157 . 3 5 . 5 2 1 . 1
5 3 5 7
5 3 5 1
145 9 77 3 55 . 4
1 . 8
1 0 . 6
2 0 . 3
2 5 . 5
1 1 . 3
5 3 3 1
5 32 9
141 1 3 5 ! 71 . 9
7 . 1
8 . 6
2 4 . 7
9 . 2
3 . 5
5 3 5 4 188 1333 4 6 . 6 . 6 . 3 1 1 . 8
5 3 5 2 171 1 3 5 7 54 • 6 4 . 7 7 . 5
5 3 4 8 199 1235 80 . 8 9 . 3 1 1 . 6
5 3 6 2 133 149 6 44 2 . 9 1 7 . 9 6 . 2
5 3 3 0 196 1032 41 . 6 4 . 8 7 . 6
5 3 5 9 197 1 1 3 2 31 . 9 4 . 8 5 . 5
5 3 6 0 180 735 4 7 8 . 7 . 7 1 . 0
5 34 9 172 1 7 5 3 388 . 9 • 6 . 6
AV 186 9 6 0 9 8 1 . 4 9 . 5 9 . 4
S 16 118 35 . 5 1 2 . 1 2 . 0
5 3 2 8 196 1547 52 . 9 5 . 4 6 . 2
53  26 174 1 5 6 5 52 . 4 5 . 4 1 3 . 3
5 3 5 3 155 1322 50 1 . 1 7 . 4 6 . 9
5 3 5 0 175 2 42  5 66 1 . 0 3 . 7 3 . 7
5 3 5 5 175 1308 54 . 7 4 . 1 6 . 0
AV 175 1633 55 . 8 5 . 2 7 . 2
s 7 2 0 7 9 . 1 3 . 7 1 . 6
5 3 2 7 222 1 78 5 21 1 . 1 5 . 4 4 . 8
5 3 3 2 131 1 3 3 7 46 . 7 4 . 0 6 . 1
53  25 237 1000 55 1 . 5 2 . 3 1 . 5
5 3 5 6 173 9 7 9 34 1 . 1 2 . 1 2 . 0
AV 180 1 1 0 5 45 1 . 1 2 . 8 3 . 2
S 3 2 116 7 . 2 3 . 6 1 . 5
s a m p le s  from  t r a v e r s e  a cr o ss
SOUTHWEST ARCHAEAN SHIELD 
EXCLUDING KALGOORLIE GREENSTONES
SAMP. NO. K/RB K/PB K/BA U /K * T H /K *
7 1 7 1 /1 290 1285 90 • 6 6 .1
7 1 7 3 /2 348 2154 . i 2 .0
7150 179 66 2 25 2 .2 1 4 .6
7 1 6 6 /1 360 1376 16 .3 4 .5
H11 • 6 5 .0
7 1 6 5 /1 310 747 40 .1 4 .7
V 122 .4 8 .4
H6 1 .6 1 2 .0
V 121 1 .0 8 .4
H 19 1 .0 9 .3
LDH 185 2 .2 1 7 .6
7163 323 597 55 3 .8 2 .2
H12 • 6 2 .6
7176 287 616 200 .8 .7
7 1 6 6 /2 287 129 1 17 .5 7 .8
7155 126 668 39 .7 1 1 .9
7153 55 816 35 .8 1 1 .2
L1C 2 .8 2 1 .3
7164 193 1600 28 2 .0 8 .7
7169 322 1148 27 .5 2 .4
7160 205 555 164 1 .3 2 .1
7175 249 1030 42 1 .9 1 2 .6
7159 186 526 58 5 .8 2 3 .8
L22A 1 .4 1 0 .9
7 1 7 1 /2 269 1011 37 1*6 1 8 .0
7 1 6 2 /3 327 736 23 .5 6 .6
H51 .8 5 .3
L 19 1 .2 8 .1
7 1 6 7 /1 267 994 36 .3 2 .3
7177 261 760 19 .2 1 .5
5152 .0 4 .2
7168 269 987 48 .4 4 .1
7156 19 2 956 31 .8 4 .7
7161 217 515 16 1 .7 4 .7
7 1 6 2 /1 217 945 21 1 .0 6 .5
7172 215 654 .9 9 .6
AV 245 943 49 1 .2 8 .0
s 15 80 10 .1 8 1 .6
5156 205 .3 5 .8
L6C .4 1 .4
H10 .4 3 .2
7170 293 1094 23 .2 3 .4
V 273 • 6 4 .1
7152 312 1006 22 .3 4 .4
7148 217 836 33 • 6 2 .7
7154 250 828 21 .2 6 .1
7178 214 1265 39 .8 5 .0
H52 1 .5 3 .1
7 1 8 0 /2 133 1116 43 2 .5 8 .3
7157 199 1077 22 .3 5 .8
7 1 7 7 /2 286 117 16 2 .4 2 0 .8
AV 234 917 27 .8 5 .7
s 16 126 12 .2 2 1 .4
7 1 6 2 /2 198 12 1 .8 1 4 .0
7 1 7 9 /1 159 23 .9 1 0 .0
7149 143 341 15 3 .3 1 5 .9
AV 167 341 17 2 .0 1 3 .3
7 1 6 7 /2 112 346 24 1 .3 3 .4
7 1 7 3 /1 1700 34 0 3 .7 1 8 .5
7174 248 235 36 1 .3 5 .2
7 1 7 9 /2 187 4 .9 1 0 .3
AV 182 307 30 2 .8 9 .3
S 50 .9 3 2 .1
TH/U
9 .9
3 5 .6
6 .5
1 5 .8
8 .3
6 7 .6
2 3 .7
7 .6
8 . 1
9 .7
8 . 0
. 6
6 .4
1 . 0
1 6 .9  
1 8 .2
1 4 .5
7 .6
4 .4  
5 .2
1 . 6
6 . 6
4 .1
7 .7
11 .1
1 3 .8
6 .9
7 .1
7 .8
9 .1  
141 .
11 . 1
5 .9
2 .7
6 .6
10.6
1 0 . 8
2 . 0
2 1 . 2
3 .6
7 .8
2 1 . 1
6 .5
1 2 .5
4 .5
3 1 .8
6 . 6
2 .0
3 .4
2 2 .5
8 . 6
1 1 .7
2 . 6
7 .9
1 0 .6
4 .8
7 .8
2 .5
5 .0
4 .0
2 . 1
3 .4
1 .5
SOUTHWEST ARCHAEAN SHIELD
GREENSTONES AND ASSOCIATED ROCKS
SAMP. NO. K /R B U / K * T H / K * T H /U
SEDIMENTS
HA7 . 2 . 8 A . A
HAA . 3 1 . 9 5 . 6
H21 3 29 . 5 A . 7 1 0 . 3
HA 5 . 3 2 . 5 9 . A
H36 . 5 1 . 5 3 . 1
H3 2 230 1 . 0 2 . 6 2 . 6
HA 1 2 7 2 . 6 A . 5 8 . 1
HA 2 . 8 2 . 8 3 . 3
H37 . 6 2 . 1 3 . 8
H38 1 . 0 2 . 8 2 . 8
V 2A8 286 1 . 0 3 . 9 3 . 9
H I 1 . 9 A . 5 2 . A
H5 256 2 . 0 1 0 . 2 5 . 1
H30 A 3 . A 1 A . 5 . 3
AV 275 . 8 A . 3 5 . 0
F E L S I C  IGNEOUS
V 122 . A 8 . A 2 3 . 7
V 12 1 1 . 0 8 . A 8 . 1
H 13 . 3 2 . 2 7 . 9
H 17 AOO . 7 2 . 5 3 . 8
V 2 2 0 A l l  1 . 0 3 . 5 3 . A
H27 . 9 7 . 6 8 . 1
H20 . 8 3 . 1 3 . 6
V 233 . A 3 . A 8 . 5
H2A . 8 3 . 5 A . A
V 238 . 0 3 . 5 1 9 . 7
H1 A0 1 . 5 5 . 9 A .O
H35 . A 5 . 3 1 2 . 0
V 138 8 2 . A 5 . 3 2 . 2
V 179 . 8 3 . 2 3 . 9
HA 6 1 . 0 A . 3 A . 2
V 255 3 5 6  1 . 1 A . 2 3 . 9
H23 1 . 3 9 . A 7 . 2
H 139 1 2 . 8 2 3 . 3 1 . 8
H 15 1 5 . 6 1 7 7 . 5 1 1 . A
AV 3 9 0  1 . 5 5 . 9 7 . 5
BAS IC  C ULTRABASIC  (GREENSTONES)
H22 266 . 9 A . 2 A . 8
H53 . 2 . 2 . 9
V 19 A 132 3 . 9 5 . 7
V 23 7 255 . 7 3 . 9 5 . 7
H31 270 1 . 0 A . 2 A .A
H 25 2A8 1 . 3 A . 6 3 . 9
V 2 3 0 26A . 5 2 . 1 A .O
H33 221
H3A . 2 1 . 7 8 . 2
HAO 170 1 . 2 7 . 5 6 . 1
V 127 105 2 . 5
H26 8 50 .  1 A . A 3 A . 2
H50 . 7 3 . 2 A . 5
H1A3 2 . 3 . 8 . A
H1AA . 3
HA9 1 . 9 2 . 2 1 . 1
H1A1 . 2
H1 A2 . 6 2 . 0 3 . A
H7 2 . 5
V 205 2 1 . 0 9 5 . 0 A . 5
H2 A .  1 1 A . 8 3 . 6
HA 8 . A 1 .  A 3 . 6
V 22 7 1 . 5 1 7 . A 1 1 . 5
H8 . 3
V 22A 1 6 . 3 2 7 . A 1 . 7
HA 2 . 6 2 . 5 1 . 0
V 19 0 2 0 . 0
V22AA 1 0 . 0 2 7 . 0 2 . 7
AV 2 . A 6 . 0 5 . 5
ISOUTHWEST SHIELD  -  ARCHAEAN SAMPLES 
SUPPLIED BY B . M . R .
SAMP. NO. U / K * T H / K * TH /U
1 5 0 / 3 / 2 1 . 6 1 1 . 0 6 . 9
1 5 0 / 7 /A . 7 A . 2 6 . 2
1 5 0 / 3 / 1 . 2 3 . 5 1 8 . 9
H 5 0 / 1 6 / 3 7 3 . 5 1 2 . 7 3 . 7
H 5 1 / 5 / 2 l . A 1 2 . 3 8 . 5
H 5 1 / 1 3 / 1 5 1 1 . 1 1 3 . 8 1 3 . 5
1 5 0 / A / A . 9 1 0 . 0 1 0 . 0
H 5 1 / 1 3 / A 9 . 5 1 1 . 5 2 1 . 3
1 5 0 / 6 / 3 1 . 7 1 1 . 1 6 . 7
H 5 1 / 9 / A 1 . 3 8 . 8 6 . 8
1 5 0 / 3 / 3 . 0 A . 7 1 7 5 . 0
1 5 0 / 7 / 1 1 . 9 7 . A 3 . 9
H 5 0 / 1 A / 8 2 1 . 9 5 . 9 3 . 0
H 5 0 / 1 5 / 9 3 3 . 5 9 . 3 2 . 7
H 5 1 / 5 / 1 1 . 3 7 . 7 6 . 1
1 5 0 / 2 / 2 3 9 . 6 9 . 7 1 5 . 2
1 5 0 / 7 / 3 2 . 8 1 1 . 0 3 . 9
1 5 0 / 8 / 1 . 7 6 . 1 8 . 9
1 5 0 / 3 / 5 . 1 2 . 7 2 2 . 3
1 5 0 / 3 / 3  A . 0 1 3 . 3 A 2 7 . 0
1 5 0 / 7 / 6 . A 3 . 0 7 . 8
1 5 1 / 2 / 1 6 5 . 9 5 . 0 5 . 3
1 5 0 / 1 0 / 2 . 3 7 . 3 2 A . 3
1 5 0 / 8 / 6 .  1 5 . A 5 3 . 7
1 5 0 / 2 / 1 2 5 1 . 1 8 . 8 8 . 2
1 5 0 / 6 / 5 2 . 5 1 1 . 2 A . A
H5 1 / 1 5 / 1 . 6 6 . 9 1 0 . 9
1 5 0 / 3 n 1 . 6 1 A . 7 9 . 0
1 5 1 / 2 / 2 1 . 2 3 . 1 2 . 7
1 5 0 / 7 / 2 . 9 2 . 3 2 . 5
1 5 0 / 8 / 6 . 3 7 . 5 2 7 . 9
1 5 0 / 8 / 3 1 . 8 A . 5 2 . A
1 5 0 / 6 / A 1 . 1 1 0 . 5 9 . 5
H 5 0 / 1 6 / 3 3 1 . 5 1 0 . 3 7 . 0
1 5 1 / 2 / 6 1 . 1 A . 5 A . A
1 5 0 / 3 / 6 . 7 2 . 2 3 . 3
H 5 0 / 1 6 / 3 A . 8 5 . 5 6 . 9
I  5 0 / A / 6 . 5 7 . 3 1 3 . 5
I 5 0 / A / 3 8 . 3 8 . 3 2 5 . 9
1 5 1 / 2 / 1 2 . 2 A . 9 2 . 2
1 5 0 / 2 / 8 5 1 . 3 2 0 . 3 1 5 . 9
1 5 0 / 1 0 / A 1 . 7 7 . 8 A . 6
1 5 0 / 2 / 1 5 7 3 . 5 1 6 . 5 A . 7
AV 1 . 2 8 . 2 1 0 . A
EAST KIMBERL EYS -  GRANUL IT E S
SAMP. NO. K /R B K /P B K /B A U / K * T H / K *
GA5079 25A 2 . 0 6 . 8
GA975 169 A5 1 . 3 7 . 1
AV 212 A5 1 . 7 7 . 0
G A1093 203 29 1 . 1 1 3 . 0
GA5078 279 .A 3 . 0
GA957 30A 2 A . 5 2 . 0
AV 2 62 27 . 7 6 . 0
S 30 . 2 0 3 . 2
GA959 200 2 8 l . A 5 . 8
G A 110 2 250 23 • 6 A . 8
GA955 2A2 17 1 . 2 A . 2
GA50A6 303 1 . 5 A . A
G A 108 3 6 6 7 23 . 5 . 0
GA108 2 2 . 2 6 . 9
AV 3 3 2 2 3 1 . 2 A . A
S 85 . 3 0 1 . 0
TH /U
3 . 3
5 . 5
A . A
1 2 .0  
6 . 8  
A . 3 
7 . 7  
2 . 1
A .O
8 . 6
3 . A
3 . 0
3 . 2
A . A
1.1
AREAS CONTAINING LOW PRESSURE GRANULITES t NOT STUDIED IN DETAIL
SAMP. NO. K/RB K/PB K/BA
NORTHAMPTON
U/K* TH/K* TH/U
5368 887 87 .5 2.6 5.3
5373 381 68 • 6 6.7 12.1
5369 259 65 .5 .2 .3
5371 159 106 1.5 6.6 3.0
5370 228 60 .6 3.6 9.1
5366 19 5 33 1.5 10.5 6.9
AV 251 60 .8 6.7 6.1
5372 177 51 .7 7.0 10.1
5376 169 38 .8 9.7 13.0
5375 172 28 1.0 9.5 9.9
5379 206 27 .6 6.6 11.6
5376 191 33 .5 8.0 16.6
5378 168 27 1.5 16.9 11.0
5380 157 23 1.2 61.6 35.0
5377 222 30 1.1 11.8 10.3
5367 201 17 6.5 31.7 7.0
AV 182 30
DANGIN
1.3 15.8 13.6
7173/2 368 2156 .1 2.0 35.6
7175 269 1030 62 1.9 12.6 6.6
7 173/1 1700 360 3.7 18.5 5.0
7176 268 235 36
YORK
1.3 5.2 6.0
7180/1 210 719 66 1.2 1.9 1.6
5156 205 .3 5.8 21.2
7177 261 760 19 .2 1.5 9.1
7178 216 1265 39 .8 5.0 6.6
7180/2 133 1116 63 2.5 8.3 3.6
7179/1 159 23 .9 10.0 10.6
7 177/2 286 117 16 2.6 20.8 8.6
7179/2
5106
5105
187
ALBANY
6.9
.6 
• 6
10.3
13.6
7.6
2.1
23.2
11.5
5103
5106
3 25
ESPERANCE
.5
1.2
6.9
5.5
9.8
6.5
7165 1606 .3 5.2 16.6
7166/2 171 1266 16 .7 5.5 7.5
SOUTHWEST SHIELO - PROTEROZOIC SAMPLES 
SUPPLIED BY B.M.R.
(MAINLY FROM SOUTH COAST OF W.A.)
SAMP. NO. U/K* TH/K* TH/U
150/6/1 1.2 1.5 1.2
151/3/3 .8 21.1 27.9
151/7/189 2.9 2.5 8.6
150/5/1 1.0 19.3 18.7151/7/6 1.8 13.8 7.8151/3/6 2. 1 18.7 8.8
151/6/2 .5 6.7 8.8
150/10/1 1. 1 7.8 7.2
151/6/11 1.2 16.3 11.6
151/7/1 2.5 32.6 13.1150/11/6 1. 1 10.7 10.0
150/11/221 .7 6. 1 8.9
150/11/221 .6 6.5 11.0
150/11/222 1.6 16.7 10.2
150/10/3 .5 6.6 8.7
150/8/ .7 8.8 12.5
150/2/126 .8 8.1 10.6
151/7/186 .7 7.6 10.1
150/11/1 .3 6.0 22.9
150/11/3 1.6
151/3/1 .3 2.8 9.3
150/9/1 .5 6.8 13.3
538 1 .6 5.9 9.9
5382 9.6 19.5 2.0
AV 1.0 10.3 11.0
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Experimental Crystallization of Anhydrous Granite at High 
Pressures and Temperatures
D . H . G r een  and  I. B. L ambert
Department of Geophysics and Geochemistry 
Australian National University, Canberra, A.C.T., Australia
Abstract. Pressures up to 40 kb at temperatures of 950°C and 1100°C have been applied 
to a glass of granitic composition (adamellite). The experiments at 950°C demonstrate that 
the adamellite crystallizes to quartz -f- plagioclase +  alkali feldspar -f- orthopyroxene ±  
clinopyroxene at pressures less than 13% kb, but at higher pressures garnet and clinopyroxene 
form at the expense of orthopyroxene and plagioclase. However, even at pressures sufficiently 
high (above 20 kb at 950°C) to eliminate plagioclase and produce an eclogite mineralogy in 
basaltic rocks, the adamellite contains plagioclase as a major phase. At higher pressures a 
quartz +  sanidine +  jadeite +  garnet assemblage is formed. The incoming of garnet at mod­
erate pressures could cause increasing seismic velocity with depth in the continental crust. The 
data indicate the probable mineralogy of acid gneisses or granulites under conditions of 
eclogite facies metamorphism.
I ntroduction
Experimental studies of simple compositions 
and deductions from observations of natural 
rocks have provided some knowledge of the be­
havior of acid rocks under conditions of high 
pressure, such as exist in the deep crust and 
upper mantle. The present investigation is 
aimed, in particular, a t establishing the mineral 
assemblages present in granitic rocks under an­
hydrous conditions where eclogite is stable in 
basaltic rocks [ Yoder and Tilley, 1962; Ring- 
wood and Green, 1964], Ramberg [1952] sug­
gested that ‘a rock consisting of potash feldspar, 
acidic plagioclase and quartz (and some biotite) 
is, in all likelihood, a stable one under the 
physical conditions of the eclogite facies’ (p. 
166). He also suggested (p. 168) that the quartz- 
feldspathic gneiss, commonly of amphibolite 
facies mineralogy, enclosing the eclogite lenses 
of western Norway [Eskola, 1921] could origi­
nally have crystallized in the same metamorphic 
facies as the eclogites but later recrystallized 
much more readily than the partly amphiboli- 
tized eclogites.
Fyfe et al. [1958, p. 236] also noted that the 
only mineral assemblages definitely assignable 
to the eclogite facies occur in rocks of basaltic 
composition. They suggested that rocks of other 
chemistry may be represented by mineral as­
semblages identical with those in other meta­
morphic facies, e.g. granulites. Another possibil­
ity is that eclogite facies conditions may only be 
reached at a crust or mantle level where basic 
rocks are developed to the exclusion of other 
material. A third possibility [Ramberg, 1952, p. 
164; Fyfe et al., 1958, p. 155] is that granitic 
rocks might invariably begin to melt under con­
ditions allowing metamorphism of basic rocks to 
eclogites.
E xperimental M ethod
The granitic composition selected for experi­
mental study is that of the average adamellite of 
Nockolds [1954], This composition was pre­
pared from analytical reagent chemicals which 
were ground together, fused and quenched to a 
glass, and reground. Control of total Fe content 
and oxidation state of the mixture is difficult 
because of entry of Fe into the platinum tube 
during fusion. The glass was thus analyzed for 
FeO and total Fe as Fe20 3 by A. J. Easton. The 
final mixture (Table 1) is slightly richer in 
Fe20 3 and poorer in FeO than Nockold’s aver­
age adamellite. In the norm calculation and in 
our experiments this results in low orthopyrox­
ene content.
A single-stage, solid-medium high-pressure ap­
paratus of the type described by Boyd and 
England [1960a, b, 1963] was used. Pressures, 
not corrected for friction, are considered ac­
curate to  ± 5% . Temperatures were maintained 
within 5°C of the control point and are prob-
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TABLE 1. Chemical Composition and Norms of Nockold’s Average Adamellite and of the 
Adamellite Used in This Experimental Study
Composition, wt. %
A
Nockold’s Average B CIPW Norms
(anhydrous) Adamellite A B
S i0 2 69.50 69.56 Quartz 24.9 25.7
T i0 2 0.56 0.56 Corundum 0.2 0.2
A120 3 14.72 14.72 Orthoclase 27.2 27.2
Fe20 3 1.23 1.73 Albite 28.6 28.5
FeO 2.28 1.73 Anorthite 10.9 10.9
MnO 0.06 0.06 Diopside 0 .0 0 .0
MgO 1.00 1.00 Hypersthene 4.8 3 .4
CaO 2.46 2.46 Ilmenite 1.1 1.1
N a20 3.38 3.37 Magnetite 1.8 2 .5
K 20 4.61 4.61 Apatite 0 .5 0 .5
(Plagioclase Ab72An2S)
ably accurate to ±10°C (there may be a small, 
unknown pressure effect on the emf of the P t/  
Pt-10Rh thermocouple).
The powdered adamellite glass was dried at 
110°C and loaded into a Pt capsule with welded 
base. The open end was crimped but not sealed 
by welding. The furnace assembly used is essen­
tially the same as that described by Boyd and 
England [1963], and all furnace parts except 
the outer talc cylinder were dried in an argon 
atmosphere at 1100°C for 1 hour and stored in 
a dessicator until use. The methods were ade­
quate to ensure that no detectable hydrous 
phases formed in our experimental runs and 
that significant partial melting due to random 
access of water did not occur, except possibly in 
the 2% kb, 950°C run. In one run at 35 kb, 
950°C, in which a simple talc furnace with no 
inner boron nitride sleeve was used, a mica (?) 
was found in the mineral assemblage.
Our experimental conditions thus resemble 
those conditions presumed to operate during 
high-grade regional metamorphism when rocks 
lacking hydrous phases are produced or during 
crystallization of anhydrous acid magmas such 
as give rise to intrusive charnockites [Turner 
and Verhoogen, 1960, pp. 346-348].
One series of 4-hour runs at 950 °C in the 
pressure range 2% to 35 kb yielded well-crystal­
lized charges having grains from 1 to 10 ja in 
size. A second series of runs at 1100°C for 1 
hour gave well-crystallized, slightly coarser- 
grained charges. Several runs were done in du­
plicate. One 12-hour run was done at 950°, 27^4
kb to investigate the possible operation of 
Ostwald’s step rule. The charges were examined 
optically and by X-ray techniques (powder 
photographs and diffractometer charts).
E xperimental Results
Runs at 950°C (Table 2). At 12% kb, 
quartz, alkali feldspar, and plagioclase are pres­
ent as major phases as shown by X-ray diffrac­
tion data. Pyroxene and rutile could be identified 
optically. The pyroxene crystals are lath-shaped, 
with very low birefringence and straight extinc­
tion; they are considered to be dominantly or 
entirely orthopyroxene. The alkali feldspar is a 
member of the high sanidine-high albite solid 
solution series with composition determined as1 
Sanw-Abs, using the A29 values between the 201 
alkali feldspar reflection and the 1010 quartz re­
flection [Tuttle and Bowen, 1958], The lime 
content of the plagioclase could not be deter­
mined [cf. Smith, 1956],
The amount of pyroxene in the lower pressure 
runs is insufficient for determination by X rays. 
Orthopyroxene was identified optically in the 
13%- and 15-kb runs but could not be identified 
in the 17%-kb run. Clinopyroxene (moderate 
birefringence, oblique extinction) is present in 
the 15-kb run and particularly in the 17%-kb 
run. At 22*4 and 25 kb the clinopyroxene con-
1 Alkali feldspar compositions are given in weight 
per cent [Tuttle and Bowen, 1958], The anorthite 
content of the alkali feldspar solid solution could 
not be determined. This may affect the estimated 
albite and sanidine proportions.
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TABLE 2. Results of Experimental Runs at High Pressures at 950 °C for Four Hours
Pressure,
kb Phases Present* Remarks
21 PI Aik Qz Px (?) Liq Common glass.
121 PI Aik Qz Px Alk = San17Ab63.
13J PI Aik Qz Px Garnet Alk = San47Ab53; garnet rare.
15 PI Alk Qz Px Garnet Alk =  Sandhi«; garnet rare.
171 PI Alk Qz Px Garnet Alk =  San49Ab5i; garnet increasing.
20 PI Alk Qz Px Garnet Alk =  San6iAb4 9; garnet increasing.
221 PI Alk Qz Px Garnet Alk = San47Ab6 3 ; Px distinctly increasing and 
jadeite-rich.
25 PI (?) Alk Qz Px Garnet Alk =  San4 sAb5 2 : Px (jadeite-rich) increasing.
25 (12 hr) Alk Qz Px Garnet Alk =  San47Ab63; PI absent.
271 (?) PI Alk Qz Px Garnet Alk = San67Ab43; PI (?) uncertain and very 
minor; Px (jadeite) a major phase.
30 Alk Qz Px Garnet Alk =  San77Ab2a; PI absent; jadeite a major 
phase.
35 Alk, Qz +  Coes., Px Garnet Alk >  San87; minor coesite; minor mica (?) 
phase—access of water to charge.
* Minor rutile present in all runs.
Abbreviations:
PI, plagioclase; Aik, alkali feldspar of high albite-sanidine series; Qz, quartz; Px, pyroxene; Coes, 
coesite; San, sanidine; Ab, albite; Liq, liquid.
tent is distinctly greater, and the pyroxene 
X-ray reflections are displaced toward the jade- 
ite positions. In the 27%-kb run, clinopyroxene 
is a major phase and gives a typical jadeite 
diffraction pattern. There is a further increase 
in the intensity of the jadeite reflections be­
tween 27% and 35 kb.
The intensities of plagioclase reflections grad­
ually decrease relative to alkali feldspar and 
quartz reflections in the range 12% to 20 kb. In 
the 4-hour runs between 22% and 27% kb, this 
decrease in relative intensity is more rapid and 
matches the increase in jadeite content and 
amount of the clinopyroxene. However, in both 
the 25- and 27%-kb runs at 950°C for 4 hours, 
very weak plagioclase reflections are identifiable. 
In contrast, the 12-hour run at 25 kb and 950 °C 
gives no plagioclase reflections, and no evidence 
of partial melting could be seen optically.
The composition of the alkali feldspar re­
mains approximately constant in the range 
San47-5iAbs! -4 9  up to 25 kb. It is also to be noted 
that the compositions of the alkali feldspar in 
both the 4- and 12-hour runs at 25 kb are iden­
tical within the accuracy of the method (Table 
4). Between 25 and 27% kb and between 27% 
and 30 kb, there are marked decreases in the 
albite content. However, even at 30 kb, where
plagioclase is absent as a separate phase, there 
is some albite solid solution in the alkali feld­
spar (SanwAbsa).
Rare crystals of garnet, distinguished opti­
cally by its very high refractive index (>  1.7), 
equant form, and isotropic character, are pres­
ent in the 13%- and 15-kb runs. Garnet is more 
abundant in the 17%-kb run but is still barely 
detectable by X  rays. Garnet continues to in­
crease in the 20- and 22%-kb runs but remains 
fairly constant in the amount present in higher- 
pressure runs.
In the run at 35 kb, the presence of minor 
coesite with a greater amount of quartz implies 
metastability in the observed mineral assem­
blage.
Runs at 1100°C (Table 8). These runs show 
an important difference from these at 950°C in 
that only one feldspar phase, a member of the 
sanidine-high albite solid solution series, is iden­
tifiable. No reflections unambiguously attribut­
able to plagioclase were observed. Some feldspar 
reflections observed in several runs at 950 and 
1100°C are compared in Table 5. In the 950°C 
runs the small but distinct peak at 29 =  21.85° 
is considered to be due to plagioclase and the 
neighboring peak at 29 =  21.45° to be due to 
the alkali feldspar solid solutions. In the 1100°C
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TABLE 3. Results of Experimental Runs at High Pressures at 1100'C for One Hour
Pressure,
kb Phases Present* Remarks
15 Aik Qz Px Aik
161 Aik Qz Px Garnet
171 Aik Qz Px Garnet Aik
20 Aik Qz Px Garnet
22§ Aik Qz Px Garnet Aik
25 Aik Qz Px Garnet Aik
271 Aik Qz Px Garnet Aik
30 Aik Qz Px Garnet Aik
40 Aik Coes Px Garnet Aik
garnet very rare.
garnet increasing; Px is clinopyroxene.
* Minor rutile present in all runs; abbreviations as in Table 2.
runs there is only a single peak in this region, 
and it shows a shift in position with increasing 
pressure consistent with decreasing albite con­
tent of a high-temperature alkali feldspar solid 
solution.
In the 950°C runs at 12% to 20 kb, the re­
flection at 29 =  27.75° has greater intensity 
than at 29 =  27.45°. This is the reverse of the 
relationship found in the high albite-sanidine 
solid solution series \Donnay and Donnay, 1952] 
and is considered to be due to the superposition 
of the most intense albite peak (at 29 =  27.77°) 
on the lower-intensity high albite-sanidine peak 
at 29 =  27.75°. In the 1100°C runs the intensity
relationships for this pair of lines are compatible 
with a single feldspar phase of the high albite- 
sanidine solid solution series.
The feldspar at 1100°C is distinctly richer in 
albite than the corresponding alkali feldspar in 
the 950°C runs at the same pressure. The feld­
spar becomes steadily more potassic with in­
creasing pressure up to 27% kb. Between 27% 
and 30 kb there is a much larger decrease in 
albite content, from Ab59 to Absi, and by 40 kb 
the alkali feldspar is pure sanidine.
Garnet is absent at 15 kb and 1100°C but is 
present at 16% kb and increases in amount 
present in the 17%- and 20-kb runs. Above 20
TABLE 4. Variation in Composition of Alkali Feldspar with Change in Pressure
Temperature, Pressure, _ A20
°C kb (201) feldspar — (1010) quartz Feldspar Composition*
121 0.62 San47Ab5 3
13f 0.62 San47Ab53
15 0.62 San47Ab53
171 0.60 San49Ab5i
20 0.58 San6iAb49
221 0.63 San47Ab53
25 (4 hr) 0.61 San48Ab6 2
25 (12 hr) 0.63 San47Ab63
271 0.51 San67Ab43
30 0.29 San77Ab23
35 < 0 .2 >  San87
15 0.93 SanisAbgi
171 0.92 San2iAb79
221 0.83 San2gAb7i
25 0.77 San36Ab65
271 0.70 San4iAb69
30 0.40 San66Ab3 4
40 <0.10 SaniooAbo
In weight per cent, from data of Tuttle and Bowen [1958, p. 12].
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TABLE 5. Comparison of Major Feldspar Reflections in Selected Runs at 950°C and 1100°C
Pressure,
kb
950 °C Runs 1100°C Runs
20,*
deg
Relative
Intensity* Reflection
20,*
deg
Relative
Intensity* Reflection
15 21.45 10 201 San-Ab 21.80 29 201 San-Ab
21.83 15 201 PI
27.45 40 27.67 52
27.80 60 27.90 45
17| 21.45 8 201 San-Ab 21.80 26 201 San-Ab
21.85 11 20l PI
27.50 37 27.55 571 Approx. San3o
27.75 42 27.85 48/ Ab,„t
221 21.40 10 201 San-Ab 21.73 20 201 San-Ab
21.85 7 201 PI
27.45 42 27.53 571 Approx.
27.75 37 27.80 40/ San3oAb7ot
25 21.45 10 201 San-Ab 21.63 15 201 San-Ab
21.85 3 201 PI
27.40 40 27.45 50) Approx.
27.75 30 27.75 33/ San10Ab6ot
30 21.15 13 201 San-Ab 21.38 17 201 San-Ab
27.0-27.25 19 27.38 38
27.70 17 27.70 24
* Determined relative to the quartz 1011 peak at 20 =  26.65°. 
t Cf. Donnay and Donnay [1952],
kb there is apparently no further increase in the 
intensity of the garnet reflections.
The pyroxene laths at 15 and 16% kb include 
both orthopyroxene and clinopyroxene (identi­
fied by optical examination). There is a large 
increase in clinopyroxene content, and the pyrox­
ene becomes dominantly jadeitic between 25 and 
27y2 kb.
I nterpretation op Results
The incoming of garnet at 13% kb, 950°C, 
and 16% kb, 1100°C, is attributed to the reac­
tion
4(Fe, Mg)Si03 +  CaAl2Si20 8 
hypersthene anorthite
^  (Fe, Mg)3Al2Si30 12 
almandine-rich garnet
+  Ca(Fe, Mg)Si20 6 +  Si02 
diopside quartz
Since hypersthene, anorthite, garnet and diop­
side are members of solid solution series, the 
above reaction will be spread over a P-T interval. 
Between 16% and 20 kb at 1100°C and 13% and 
about 20 kb at 950°C, the observed increase in 
garnet is thought to be due to the progressive 
elimination of hypersthene or hypersthene solid 
solution in clinopyroxene. As pressure increases 
the degree of Tschermak’s silicate (Ca, Mg) 
AloSiOe substitution in the pyroxene probably 
also decreases in favor of garnet [Ringwood and 
Green, 1964; Boyd and England, 1964]. Be­
cause of the appreciable Fe20 s content of our 
composition and the apparent absence of mag­
netite, it is probable that there is a small amount 
of acmite molecule present in our runs—possibly 
as a separate acmitic clinopyroxene below 15 kb 
and in clinopyroxene solid solution at higher 
pressure.
The normative composition of the plagioclase 
in the mixture is oligoclase (Ab,2An2s). The de­
gree of solid solution of albite in the alkali feld­
spar will cause the modal plagioclase at 950°C 
to be more calcic than this. However, the reac-
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tion of anorthite molecule with pyroxene to 
yield garnet would enrich the plagioclase in 
albite. The disappearance of plagioclase as a 
separate phase at 950°C is due to the above re­
action involving anorthite and to the breakdown 
of albite to yield jadeite and quartz (NaAlSi30 8 
NaAlShOe +  Si02). Between 20 and 25 kb at 
950°C this reaction becomes important, as 
shown by the increasing amount of pyroxene 
and its increasingly jadeitic composition and by 
the decrease in the amount of plagioclase. The 
jadeite so formed enters into solid solution with 
the diopside present, but at pressures greater 
than 25 kb at 950°C and 27% kb at 1100°C the 
jadeite component is dominant, as shown by the 
X-ray diffraction pattern. In the 1100°C runs 
the breakdown of albite molecule to yield jadeite 
+  quartz is responsible for the changing com­
position of the alkali feldspar phase. Above 27% 
kb the more rapid decrease in albite content is 
consistent with the data from the simple albite 
system [Birch and Le Comte, 1960], establishing 
the limit of albite stability at 1100°C at about
28 kb. However, between 27% and 30 kb and 
between 30 and 40 kb at 1100°C, albite compo­
nent stabilized by solid solution in the alkali feld­
spar continues to yield further jadeite and quartz 
as the alkali feldspar approaches pure sanidine. 
This effect is more noticeable at 950°C, where, at 
30 kb, with plagioclase finally eliminated as a 
stable phase, the alkali feldspar still contains 
about 23 wt.% albite. However, at 950°C the 
trace of plagioclase present in the 4-hour run at 
27% kb is outside the stability field of albite 
(Figure 1), and it is probable that equilibrium 
was not attained in this run. A similar conclu­
sion may be drawn from the presence of a trace 
of plagioclase at 25 kb in the 4-hour run and its 
absence in the 12-hour run. The presence of 
plagioclase in these two runs may be an example 
of the operation of Ostwald’s step rule [Fyje et 
al. 1958, p. 73]; i.e., a phase of higher entropy 
has nucleated first from the glass and in the time 
of the experiment has not been completely re­
crystallized to the equilibrium assemblage. A 
similar explanation is invoked for the presence
X :Q z,P I, Aik, Px, Gar. 
O :Qz, PI, Aik, Px.
0  : Qz, Alk.Px.
A = C oes, Aik, Px, G ar.
A ; Q z,Coes, Aik, Px, Gar. 
•  :Qz, Alk.Px, G ar.
6 0 0  8C
T E M P E R A T U R E
lOOO 1200
Fig. 1. Phases present in the average adamellite composition at high pressure and tem­
perature. The breakdown curve for albite is from Birch and Le Comte [1960] and the curve 
for quartz coesite from Boyd and England [1960b], The area A-B represents the probable 
range of temperature at the base of an average continental crust.
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of quartz and coesite within the coesite stability 
field at 950°C and 35 kb.
The results on the adamellite composition are 
consistent with the few results published in 
similar compositions. Thus Yoder and Tilley 
[1962, p. 516] report that the standard granite 
G1 crystallized to a sanidine solid solution +  
quartz at 20 kb, 1100°C. They do not comment 
on the presence or absence of minor pyroxene or 
garnet. Luth et al. [1964] report studies at 
water pressures of 4 to 10 kb in the system 
KAlSnOs — NaAlSi30 8 — Si02 — H20. The high 
water pressure suppresses the beginning of melt­
ing to around 650°C and the liquidus surface 
intersects the high albite-sanidine immiscibility 
gap. The data presented here show that in the 
presence of a moderate Ca content, two feld­
spars coexist at 950°C over the pressure range 
12% to 25 kb, but in the same bulk composition 
there is only one feldspar of the high albite- 
sanidine solid solution present at 1100°C over 
the same pressure range.
Geological Applications
Mineral assemblages of acid rocks under ec- 
logite facies conditions. Yoder and Tilley [1962] 
and Ringwood and Green [1964 and unpub­
lished] have experimentally crystallized basaltic 
compositions to eclogite mineralogy. The latter 
authors found that the pressure at which plagio- 
clase disappeared to yield garnet +  pyroxene +  
quartz mineral assemblages depended on the 
bulk composition of the basalt but that in nor­
mal basaltic compositions plagioclase was un­
stable at 1100°C at pressures greater than 23 
kb. Extrapolation of data for 1000 and 1200°C 
(Ringwood and Green, unpublished) indicates 
that plagioclase is unstable at pressures greater 
than 20 kb at 950°C in basaltic compositions.
At 20 kb and 950°C, the adamellite consists 
of quartz, sanidine solid solution, plagioclase, 
pyroxene, garnet, and rutile. This assemblage is 
stable to between 25 and 27% kb and is also 
typical of the lower pressure range, 13% to 20 
kb, although the proportion of phases varies. 
Basaltic rocks, particularly of quartz tholeiite 
composition, crystallize in this lower pressure 
range to granulite facies mineral assemblages of 
pyroxene -f plagioclase +  garnet +  quartz 
[Ringwood and Green, 1964]. Thus the experi­
mentally defined boundary between mineral as­
semblages matching those of basaltic rocks in
the granulite facies and basaltic rocks in the 
eclogite facies does not correspond to a major 
change of mineralogy in an anhydrous adamel­
lite composition. I t  has been noted, however, 
that the pyroxene in the adamellite at 22% 
and 25 kb, 950°C, is distinctly rich in jadeite. 
Thus in a granitic composition, recognition of 
a clinopyroxene of high jadeite (and probably 
low Tschermak’s silicate) substitution coexisting 
with pyrope-almandine garnet would establish 
the assemblage as eclogite facies. This hypo­
thetical rock, with a mineralogy dominated by 
quartz, sanidine (or orthoclase), and plagioclase 
could in no sense be called an ‘eclogite’ but 
would have the megascopic and microscopic 
character of an acid, garnetiferous pyroxene 
granulite. Under higher pressures the granite 
(broadly defined) will crystallize as a quartz- 
jadeite-sanidine-gamet rock. To our knowledge, 
acid rocks of eclogite facies, as defined above, 
have not been identified in any natural oc­
currence. There is a possibility that careful 
identification of the pyroxene and garnet com­
positions from acid ‘granulites’ and gneisses, 
particularly terranes containing eclogite lenses, 
could establish the existence of natural acid 
rocks of eclogite metamorphic facies.
In the experimental runs, the appearance of 
garnet is a direct consequence of increasing 
pressure at crystallization and is attributed to 
reaction between hypersthene and plagioclase. 
I t  is stressed that the garnet formed coexists with 
calcic clinopyroxene (with or without hyper­
sthene). In some naturally occurring gneisses 
and granulites, the A120 3 content may be higher 
and the assemblages hypersthene +  plagioclase 
+  garnet +  alkali feldspar +  quartz, and 
plagioclase +  garnet +  sillimanite +  alkali 
feldspar +  quartz may occur. These assem­
blages do not indicate crystallization within the 
garnet field of Figure 1.
An examination of literature on granulite and 
charnockite terranes establishes a direct com­
parison with crystallization in the garnet-free 
and garnet-bearing fields of Figure 1. Thus the 
charnockite series of Madras [Howie, 1955; 
Howie and Subramaniam, 1957] and the char- 
nockites of central and western Australia [Wil­
son, 1959] characteristically have the lower 
pressure assemblage of plagioclase ±  alkali feld­
spar +  quartz +  hypersthene +  augite in rocks 
of acid or intermediate composition. A similar
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generalization applies to the granulites of Lap- 
land \Eskola, 1952], Broken Hill [Binns, 1964], 
and in general to the charnockites of Uganda 
[Groves, 1935] and Varberg, Sweden [Quensel, 
1951]. In the latter two areas there are oc­
casional examples in which the hypersthene +  
plagioclase reaction to yield garnet and clino- 
pyroxene has been recognized [Groves, 1935, p. 
183; Howie and Subramaniam, 1957, p. 572]. 
Excellent examples of the association of garnet 
+  clinopyroxene ±  hypersthene with two feld­
spars and quartz in acid and intermediate rocks 
from the Adirondacks have been described by 
Buddington [1963] and De Waard [1964]. Both 
authors recognize the possibility of mapping a 
garnet isograd in quartz-rich rocks subdividing 
the pyroxene granulite facies into a lower pres­
sure assemblage with hypersthene +  clino­
pyroxene +  plagioclase and a higher pressure 
assemblage of garnet +  clinopyroxene +  plagi­
oclase ±  hypersthene. The present work pro­
vides experimental confirmation of the signifi­
cance of these assemblages in deducing relative 
T  and P conditions of various granulite terrans.
Nature of the lower continental crust. In 
seismic velocity profiles through the crust an in­
crease in compressional seismic velocity, V„ 
with depth is usually postulated [Birch, 1958; 
Steinhart and Meyer, 1961]. At shallower depths 
within the crust, values of Vp =  5.8 to 6.3 km/ 
sec are indicated, increasing to 6.7 to 7.0 at the 
base of the crust. In some studies a relatively 
sharp increase in seismic velocity within the 
crust (the ‘Conrad discontinuity’) has been sug­
gested, but later workers have favored a gradual 
increase in velocity [cf. Gutenberg, 1955, p. 20; 
Tatel and Tuve, 1955].
In Figure 1 the boundary curve marking the 
incoming of garnet in the experimental runs on 
the adamellite composition is projected to lower 
pressures and temperatures. I t  is emphasized 
that this extrapolation can be only qualitative in 
the absence of experimental data in the 500- 
600°C range. In Figure 1, the probable range of 
T and P [Clark, 1962; Clark and Ringwood, 
1964; Birch, 1955] at the Mohorovicic disconti­
nuity for an average continental crust (35 km 
thick) is also illustrated. Provided that condi­
tions are anhydrous, the stable mineral assem­
blage of the adamellite in the lower crust will 
contain garnet and the amount of garnet will 
increase with depth. If the partial pressure of
water is not sufficiently low, biotite and/or horn­
blende may be stable at the rather low tempera­
tures and prevent the appearance of garnet.
Ringwood and Green [1964] have shown that 
in a quartz tholeiite composition, garnet appears 
at approximately the same P-T  conditions as 
are now found for the adamellite composition.
I t is probable that the spectrum of igneous 
rock compositions between quartz tholeiite and 
adamellite, i.e., the calc-alkaline series of diorite, j 
monzonite, quartz diorite, and granodiorite, 
undergo similar reactions with garnet and 
pyroxene increasing with depth. There are na- , 
tural occurrences of gametiferous acid and in­
termediate charnockites, and also basic garnet 
granulites, which may be consistent with this 
conclusion. Rocks departing from the common 
igneous compositions (pelitic sediments, marbles, 
quartzites) cannot be incorporated into the 
above generalization.
Because seismic wave velocity is proportional 
to the density of the rock traversed, it is obvious 
that the presence of the dense-phase garnet in 
rocks of the lower continental crust would cause 
a velocity increase. Birch [1961, p. 2218] has 
given an equation, Vp =  — 0.30 +  2.54 p, from 
which approximate seismic compressional ve­
locities at 10 kb confining pressure can be cal­
culated for granitic rocks, if the density of the 
rocks is known.
The density of the rock before the incoming 
of garnet can be approximately calculated from 
the normative mineralogy, assuming that ilmen- 
ite is replaced by rutile, and magnetite and 
some albite by acmite, in conformity with the 
observations on the experimental runs. The 
density thus calculated is 2.68 to 2.69 g/cm8 
and, from Birch’s equation, would give Vp =
6.51 km/sec at 10 kb confining pressure. The 
reaction between hypersthene and plagioclase 
to yield garnet and clinopyroxene should yield 
about 6 to 7% garnet. The density of the high- 
pressure assemblage formed by this reaction was 
calculated as 2.72 g/cm8, giving V =  6.61 km/ 
sec at 10 kb confining pressure. Thus the in­
crease in seismic velocity caused by the incom­
ing of garnet in the average adamellite composi­
tion studied should be about 0.1 km/sec. Some 
confirmation of this is provided by values of 
density of 2.73 g/cm8 and 2.79 g/cm8 obtained 
with the Berman balance for the runs at 17% 
kb, 950°C, and 22% kb, 950°C, respectively.
GRANITE AT HIGH PRESSURES 5267
Ringwood and Green [1964] have given the 
approximate seismic velocity of a quartz tholeiite 
before the incoming of garnet as 7.0 km/sec, 
and this rises with increasing pressure until an 
eelogite velocity of approximately 8.0 km/sec 
is reached.
Some generalized conclusions can be made 
from the above data. If there are essentially an­
hydrous conditions throughout much of the 
lower continental crust, the incoming of garnet 
in any of acid, intermediate, or basic igneous 
compositions will cause appreciable velocity in­
creases. Comparison of the calculated velocity 
values for acid and basic compositions with the 
observed values suggests that the incoming of 
garnet in a composition as acid as the average 
adamellite will not give an increase in V„ suffi­
ciently large to match the observed values. On 
the other hand, in a basaltic composition, the 
incoming of garnet in the lower crust will prob­
ably give values of Vp too high in comparison 
with the observed values. I t  seems that, if the 
appearance of garnet as a stable phase in the 
igneous rock compositions described is a real 
process under lower crustal conditions, an over­
all intermediate composition best fits the avail­
able data. The above arguments are not relevant 
if the ferromagnesian phases in this spectrum of 
rock compositions within the real lower crust 
are dominantly hydrous (hornblende, biotite, 
muscovite). Nevertheless, our data suggest a 
possible explanation of increased densities in 
the continental crust.
Conclusions
At 950°C the mineral assemblage in a dry 
granitic composition under pressure high enough 
to produce eelogite mineralogy in basaltic rocks 
is quartz, plagioclase, alkali feldspar, pyroxene, 
garnet, and rutile. At higher temperatures 
only one feldspar is present (an albite-rich 
member of the sanidine-high albite solid solu­
tion series). At higher pressures the plagioclase 
breaks down to yield jadeite and the alkali feld­
spar gradually approaches pure sanidine. The 
resulting assemblage, a t pressures equivalent to 
those at 100 to 150 km depth is quartz +  
sanidine +  jadeitic pyroxene +  garnet.
In the anhydrous adamellite composition, and 
probably in the series of igneous compositions 
between adamellite and quartz tholeiite, garnet 
is stable under conditions equivalent to high-
pressure granulite facies. If conditions in the 
lower crust are anhydrous, this may be a sig­
nificant factor in producing increasing seismic 
velocity with depth, without the necessity for 
any major change in chemical composition.
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Abstract
A northwest-trending, sinistral wrench fault having a horizontal component 
of movement of approximately seven miles, transects the Berridale Batholith 
of the Snowy Mountains of New South Wales. The displacement has been 
determined by matching the displaced segments of two granite intrusions and 
their associated contact aureoles.
The main horizontal movement is considered to have occurred in Early to 
Middle Devonian times but there is evidence of minor normal movement during 
the Tertiary. Seismic activity in the region around Berridale indicates possible 
recent movement.
It is suggested that the fault may extend northwest of Berridale to join 
the Gundagai-Tumut serpentinite belt near Tumut Pond, and that the south­
easterly extension may meet the coast near Disaster Bay.
INTRODUCTION
During a study of the granites of the Berridale Batholith in the Snowy 
Mountains of southern New South Wales, one of us (Lambert, 1963) mapped 
a fault striking in a northwesterly direction and passing close to the town of 
Berridale (Fig. 1). Mapping was subsequently extended to delineate the fault 
and to determine its displacement and history.
The fault obliquely transgresses the predominantly north-south trend of the 
batholith and brings distinctly different granites and sedimentary rocks into 
juxtaposition. There is no outstanding topographic expression of the fault; its 
presence and large horizontal component of movement was only established 
by detailed mapping of the displaced rocks (Fig. 2).
The Berridale Wrench Fault, as it is here termed, is of interest because 
it occurs in a seismically active area and because major wrench faults have not 
been previously proven in the Lachlan Geosyncline of eastern Australia.
GENERAL GEOLOGY 
Ordovician Sedimentary Rocks
The Berridale Batholith is intruded into low-grade, regionally metamor­
phosed rocks known as the Coolringdon Beds (Joplin, 1942). These consist 
of siliceous black graphite slates, quartz-greywackes, ortho-quartzites, argillites 
and lesser cherts, all of which show evidence of multiple deformation. Grapto- 
lites are abundant at many widely scattered localities in the black slates or their 
contact-metamorphosed equivalents (see Fig. 2). Browne (1914) and Sherrard 
(1953) have discussed the graptolites from the locality on Gygederick Hill. 
The following assemblage has been recognized at each sampling site: Dicello-
J.geol.Soc.Aust., 12(1): pp. 25-33, 1965
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graptus sp. cf. D. morrisi, Dicranograptus sp., Climacograptus bicomis (Hall), 
Orthograptus sp. This is comparable with assemblages of the Eastonian Stage 
of the middle Upper Ordovician of Victoria (Thomas, 1960).
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Fig. 1. Locality Map of Berridale District, New South Wales.
The Granites
The Berridale Batholith consists of many clearly separable intrusions most 
of which are also petrographically distinct. Within the map area (Fig. 2) there 
are five distinct lithological types and at least six separate intrusions, apart from
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aplitic or leuco-granites, which are found as small bodies commonly along the 
margins of the main plutons. One of these intrusions, the Yarrabin Granodiorite, 
is part of the adjacent Kosciusko Batholith. In probable order of intrusion the 
other granites are the Clarkeville Granodiorite, the Tinkers Creek Granodiorite, 
the Dalgety Adamellite, the Buckleys Lake Adamellite and the Wullwye 
Adamellite.
The separate intrusions tend to be elliptical in outcrop shape with the 
major axis oriented in a north-south direction. Contacts, where observed, are 
sharp and vertical and this is consistent with the independence of boundaries 
with respect to topography. The rocks of the contact aureoles, which are always 
about half a mile wide, include chiastolite slate, biotite hornfels and meta­
quartzite close to the granites, and spotted slate or spotted meta-arenite at the 
outer extremities of the aureoles. Migmatite and contact schist are absent.
Because the main evidence for a large horizontal movement of the Berridale 
Wrench Fault is based upon the correlation of displaced granite bodies, a brief 
description of their petrographic characters is given below.
The chief mineral constituents of each of the six intrusions are quartz, 
plagioclase, microcline and biotite. The contents of quartz and plagioclase are 
approximately the same in all the bodies but there is an inverse relationship 
between the amounts of microcline and biotite.
The Clarkeville Granodiorite is a medium-grained, greyish rock often with 
a prominent foliation resulting from the preferred orientation of biotite flakes 
and the line-up of xenoliths. Quartz often has a characteristic blue colour in 
handspecimen; this is more common where the rock is foliated than in the more 
massive parts of the intrusion. Plagioclase is strongly zoned from a composition 
near Ab58 at the centre of the crystals to Ab72 near the margins, and the cores 
are commonly delineated by a “reaction rim”, a feature that is typical of this 
mineral in all of the intrusions studied. Microcline is a minor constituent ranging 
from 3% to 12% (average 6%), while on the other hand, biotite (a  = light fawn, 
ß — y — dark reddish-brown, y = 1.656 ±  .005) averages 20% of the rock. 
Xenoliths are very numerous, and vary in largest dimension from a fraction 
of an inch to a foot or so across. Tiny biotite-rich clots are considered to be 
dispersed xenolithic material (the biotite of the clots has a refractive index 
y = 1.638 ± .005). Round milky-white quartz aggregates, usually one or two 
inches across, are typical.
The Tinkers Creek Granodiorite is identical to the poorly foliated phases 
of the Clarkeville Granodiorite. The elliptical shape of the mass, together with 
the break in the smooth continuity of the hornfels contact, is taken as evidence 
of a separate intrusion although it is impossible to map a boundary between it 
and the Clarkeville Granodiorite.
The Dalgety Adamellite is generally coarser in grain-size and occurs in 
larger tors than the Clarkeville and Tinkers Creek Granodorites. Microcline 
ranges from 10% to 22% (average 15%) of the rock, whereas biotite ( a  = light 
fawn, ß — y — dark brown, y = 1.660 ±  .005), ranges from 4% to 18% (average 
11%) and is often seen as pseudo-hexagonal crystals. The plagioclase is zoned 
from Ab55 to Ab74. Foliation is rare, and xenoliths and biotite clots are less 
common.
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The Buckleys Lake Adamellite is a massive, very coarse-grained, pink rock 
characterized by the abundance of large pink microcline crystals which stand 
out on the weathered surfaces. The plagioclase is zoned from Ab57 to Ab77. 
Biotite (ß = 1.670 ±  .005) is only a minor constituent and xenoliths are 
uncommon.
The Wullwye Adamellite is a massive, medium-grained rock that forms 
large pink tors. The colour results, in part, from the high content of pink micro­
cline (average 25%) and partly from iron staining. Plagioclase is zoned from 
Ab84 to Ab83. Biotite (y = 1.666 ± .005) is a relatively minor constituent (2% - 
6%), and xenoliths are uncommon.
Tertiary Rocks
Large remnants of Tertiary lava flows occur east and southeast of Berridale. 
They are chiefly alkaline olivine basalts with rare nepheline-analcime basanites. 
There is a small plug of teschenite two and a half miles north of Arable.
Discontinuous lenses of silicified conglomerate (“greybilly”) occur beneath 
the basalts at many localities; nowhere has the “greybilly” been found to overlie 
or to be intercalated with basalt. The conglomerates consist almost entirely 
of rounded quartz and quartzite pebbles cemented by quartz. They are con­
sidered to be alluvial deposits of Tertiary river valleys that have subsequently 
been covered by basalt flows.
DESCRIPTION OF THE FAULT
The main fault strikes in a northwesterly direction. Since it is straight along 
the entire length studied, irrespective of topography, the fault plane must be 
vertical. North of Berridale, where the Dalgety Adamellite is brought into 
contact with Ordovician sediments, several parallel and discontinuous faults are 
separated from the main line by two or three hundred yards of breccia, which 
is often silicified and mineralized. The main fault plane is never perfectly 
exposed but its trace on the surface may be accurately located by lineaments 
on the aerial photographs, and by lines of springs and rare scarps in alluvium.
Displacement
Since the granite contacts are vertical, the total horizontal displacement 
may be deduced by matching the granite types and their contact rocks on each 
side of the fault.
On the northern side of the fault, the most northwesterly contact of the 
Dalgety Adamellite meets the fault at a point about seven and a half miles 
northwest of Berridale, whereas the same intersection on the south side is just 
over a mile northeast of Berridale. Here the intersection is obscured by extensive 
alluvium and scree cover and the granite-homfels contact has been projected 
to the fault plane along a break of slope. The horizontal displacement measured 
between these two points is just under seven miles.
On the northern side of the fault, good exposures of the distinctive Buck- 
leys Lake Adamellite occur immediately south of Gygederick Hill. The contact 
is well exposed one mile westsouthwest of the summit and may be traced to 
within two hundred yards of the fault so that the intersection of the contact
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movement and the conjugate Arable Fault with dextral movement, is also east- 
west. This stress pattern in the Lachlan Geosyncline probably persisted until 
the deposition of the Upper Devonian conglomerates and arkoses (Molasse 
type), which now occur as remnants scattered over southern New South Wales; 
the rocks of these remnants are only weakly deformed. No major fault has been 
recorded in the Upper Devonian sediments along the projection of the fault near 
Disaster Bay on the south coast, but Mr J. Steiner (pers. comm.) has suggested 
that sedimentation of the basal Upper Devonian sequence around Eden, 15 miles 
to the north, could have been controlled by a northwesterly-trending structure, 
and that some minor secondary structures within the Upper Devonian sediments 
could also be explained by such a major structure. On this limited evidence we 
consider that the main wrench movement probably occurred during the Upper 
Silurian—Lower Devonian orogeny.
Tertiary
Basalt flows to the northeast of the Berridale Wrench Fault are occasionally 
found in contact with granite on the southwest. The field evidence indicates that 
either the basalt has been downthrown to the northeast or has flowed against 
a scarp facing in this direction, or both events have occurred.
There is little doubt that the Berridale Fault has moved in post-basalt 
times. The lineaments along the fault-line are visible on aerial photographs 
of the basalt terrains. Along the fault-line, one mile north of Buckleys Lake, 
active springs are also common within basalt and slickensided basalt was found 
in the spoil heap of a well sunk alongside one such spring.
At several localities “greybilly” to the west of the Berridale Wrench Fault 
outcrops at a higher level than basalt immediately east of the fault indicating 
that the northeast side is downthrown. An accurate measure of the vertical 
component of post-basalt movement cannot be obtained; it must be less than 
the thickness of the adjacent basalt and this does not exceed a few hundred 
feet.
Possible Recent Movement
Cleary, Doyle & Moye (1964) have shown that the region between 
Wambrook and Jindabyne is the most active seismic area of the Snowy Moun­
tains and further (p. 92), they point out that epicentres are concentrated along 
two lines striking in a northwesterly direction. The Berridale Wrench Fault lies 
between these lines, has a more or less parallel strike, and is thus within the 
centre of the active belt. Some epicentres actually lie on the fault-line. Cleary, 
Doyle & Moye (1964) produced a fault-plane solution for the Berridale earth­
quake of May 1959 (magnitude 5 on the Richter scale). Their interpretation 
was for thrust movement along a hypothetical fault striking more or less at 
right angles to the Berridale Wrench Fault. On the other hand they maintain 
that after-shocks have a sinistral wrench component in a northwesterly direction.
Linear escarpments about ten feet high occur within the alluvial deposits 
where two small valleys transgress the fault southeast of Berridale. Both valleys 
are drained by minor streams flowing northeastwards; the escarpments also face 
in this direction. At both localities brecciated Dalgety Adamellite, on the
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upstream side, is in contact with basalt on the downstream side of the fault, 
and very active springs accompany the scarps along their total length. The 
escarpments are confined to the alluvium: no trace of them was found in the 
adjacent basalt flows on the high ground flanking the valleys. Another smaller 
escarpment on the hillside, several hundred yards south of the Berridale-Cooma 
road, is again accompanied by active springs. There is no evidence of a scarp 
where the fault crosses the alluvial valley of the Wullwye River three miles 
north of Buckleys Lake. We consider that the evidence indicates that the small 
scarps were not produced by recent movement but are fault-line scarps resulting 
from downstream erosion owing to the rise of a large volume of water up the 
breccia zone.
There is thus some evidence that the Berridale Wrench Fault is still 
seismically active although there is no unequivocal surface expression of this 
activity.
EXTENSION OF THE BERRIDALE WRENCH FAULT
Lineaments along the extension of the fault, both in northwesterly and 
southeasterly directions, are apparent on the Geological Map of New South 
Wales and on the relevant aerial-photograph mosaics.
We investigated one such lineament near Cathcart, 45 miles southeast of 
Berridale, and found brecciated granite of the Bega Batholith. The fault-line 
projects beyond this point along the straight course of the Towamba River 
meeting the coast at Disaster Bay near the New South Wales-Victoria border
(Fig. 1).
In a northwesterly direction, the projection of the fault passes close to the 
Eucumbene Dam and thence to Tumut Pond where it meets the Tumut- 
Gundagai serpentinite belt (Fig. 1). Serpentinites have not been recorded south 
of Tumut Pond and hence it is possible that the Berridale Wrench Fault and 
the serpentine belt are one and the same structure. Thus it appears that the 
Berridale Wrench Fault is one of the significant major structures of the Snowy 
Mountains of New South Wales: it has probably been active since the Late 
Silurian or Early Devonian.
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Abstract— Granulite facies rocks exposed a t  th e  ea rth ’s surface m ay n o t be representative of th e  
low erm ost parts  of th e  continental crust, b u t they  do provide samples of the  deepest levels 
m ade available in any  areal ex ten t a t  th e  surface. A concentra tion-depth  relation for elem ents 
can th u s be defined by  sta tistica lly  com paring the ir abundances in  granulite facies rocks w ith  
the ir abundance in  the  common surface rocks.
U, T h and  K  have been determ ined in  approxim ately 400 rocks from  th e  A ustralian shield. 
Felsic am phibolite facies gneisses have U  an d  T h  contents indistinguishable from  those of 
hornblende granulite subfacies rocks and  intrusive shield granites. Pyroxene granulite subfacies 
rocks of sim ilar bu lk  chemical composition have significantly lower abundances of U  and  Th. 
In  the  mafic rocks studied  the  U  and  T h  contents and  T h /K  and  U /K  ratios show no variation  
w ith  m etam orphic grade. The lower U  and  T h  concentrations in  felsic pyroxene granulite 
subfacies rocks is rela ted  to  processes of m etam orphism , including partia l m elting and  upw ard 
m ovem ent o f granitic m ateria l and vapour.
The overall average contents o f T h  and  K  in the  surface rocks of th e  W est A ustralian  base­
m ent shield appear to  be sim ilar to  the  overall average contents o f these elements in the  P alaeo­
zoic rocks outcropping in  E ast A ustralia. However the  shield seems to  be depleted in  U  relative 
to  th e  younger orogenic region. I t  has been calculated th a t  th e  surface h ea t production of the  
shield is only abou t 25 per cent less th a n  th a t  o f th e  Palaeozoic rocks. This is com pared w ith 
th e  difference of about 60 per cent in  the  average h ea t flows m easured in  the  tw o regions.
I n tro d u ctio n
I t  is widely accepted that continents are largely modelled through orogenies, where 
the intimately associated processes of regional metamorphism and partial melting 
act on geosynclinal sediments, lavas, and basement rocks. The chemical composition 
of crustal detritus, material added from the mantle, and basement rocks may be 
modified by these processes. The trend should be towards an upper crust enriched 
in the granitophile elements, and a residual lower crust depleted in these elements.
This paper presents the results of an investigation of the upward concentration of 
U and Th in the crust. The general approach employed has been to compare the 
abundances of various elements in common surface rocks with the corresponding 
abundances in rocks characteristic of deeper levels. A basic assumption is that high 
grade regional metamorphic rocks become increasingly abundant with depth. Pyro­
xene granulite subfacies rocks are relatively rare at the surface and are often associ­
ated with large faults. Their mineral assemblages are essentially anhydrous, and 
there is a progressive dehydration from almandine amphibolite facies, through horn­
blende granulite subfacies, to pyroxene granulite suhfacies. These observations, 
together with experimental data, have led most geologists to consider that pyroxene
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granulite subfacies rocks provide samples of the deepest levels of the crust that 
have been made available in any areal extent a t the surface.
The common rocks of young orogenic belts are granites, shales, greywackes, 
and basalts. The concentrations of radioactive elements in these rocks are reason­
ably well established (Clark, P eterman and H eier , 1966). The common rock 
types outcropping over much of the Archaean shields are felsic gneisses and 
granites. In the Australian shield the gneisses are principally of almandine am­
phibolite facies with minor amounts of hornblende granulite subfacies rocks. Basic 
material is subordinate in area, but receives emphasis because it is often mineralized. 
The radioactive element concentrations in shield rocks have not previously been 
studied systematically. I t  has been considered that because of the apparently 
lower heat flows, the overall radioactivity of such areas is less than in younger 
orogenic belts (Clark and R ingwood, 1964).
In  the present work approximately 400 samples from various parts of the 
Australian shield have been analysed for U, Th and K. The concentrations in 
pyroxene granulite subfacies rocks are compared with those in the lower grade 
metamorphic gneisses, granites, and greenstones of the shields, and the granites 
and shales of younger mountain regions. Previous work along these lines has been 
carried out by H eier and Adams (1965). They restricted their study to a limited 
geographical area in Norway, where a rock formation exists in different metamorphic 
grades. Their results on a relatively small number of samples indicated a marked 
depletion of U and Th in the high granulite facies rocks. This is confirmed by the 
present study.
The upward concentration of elements results in a chemical zoning of the crust 
in a vertical section, and makes it difficult to estimate the chemical composition of 
the continents. Such estimates are greatly influenced by the relative abundances 
of rock types at the surface, and terrestrial abundances of the most lithophile 
elements tend to be overestimated. Thorium, uranium, and potassium are strongly 
lithophile. Their crustal abundances can be estimated by two independent 
methods; a physical method based on heat flow data, and a geochemical method 
based on geological premises. H eier (1965) noted that such estimates differ by a 
factor of two with the interpretations of heat flow data giving the lowest estimates.
Areas Sampled
The areas sampled for this study are shown on Pig. 1. Earlier geological work 
in most of these areas has been summarized by Wilson (1959).
Examples of pyroxene granulite subfacies rocks were collected from the Musgrave 
Range block in Central Australia and the Frazer Ranges in West Australia. In 
the Musgrave Ranges, Wilson (1960) demonstrated a general increase in metamor­
phic grade from high amphibolite facies in the east to pyroxene granulite subfacies 
in the west. Intrusive granites, some containing biotite and amphibole, and others 
containing hypersthene, are common. Wilson (1960) suggested that the granites 
formed by anatexis of the basement rocks. The basement consists of gneisses of 
variable compositions, but mafic bands are less common than felsic bands. Hypers­
thene—augite, with occasional brown hornblende is the common ferromagnesian
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mineral assemblage. W ilson  noted the medium pressure assemblage garnet—hypers- 
thene-augite in some of the rocks occurring in a major shear zone. Oliv er  
(personal communication, 1966) has noticed a similar assemblage further to the 
west and away from the major shear zones. Some of his samples are included in
KIMBERLEYS
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Fig. 1. Map showing areas sam pled. B lack: areas sam pled in  detail. H orizontal 
shading: areas sam pled in  less detail. A bbreviations: N O R. =  N ortham pton;
C. NAT. =  Cape N aturaliste; ALB. =  A lbany; E SP . =  Esperance.
this study. W ilson  (1960) described morphologically different types of zircons in 
the felsic rocks and considered the rocks to be metasedimentary. The mafic hands 
are probably of magmatic origin. Anorthosites and ultrabasic rocks occur in the 
area. About 60 samples from the Musgrave block were analyzed for U, Th and K.
In  the Frazer Ranges of Western Australia, felsic and mafic rocks outcrop in 
roughly equal proportions. Hypersthene and augite are developed extensively in the 
felsic rocks, whereas hypersthene-augite-brown hornblende is a common assemblage 
in the mafic types. W ilson  (1959) noted the high pressure assemblage garnet- 
pyroxene in one rock. The rocks occur in bands of varying width. The basic bands 
often contain folded quartzo-feldspathic schlieren. W ilson  (1958) suggested that 
the area is bounded to the west and the east by large faults. 30 samples were 
analyzed from this area.
Approximately 90 almandine amphibolite facies and hornblende granulite 
subfacies rocks were analyzed from the Cape Naturaliste-Cape Leeuwin block of 
southwest Western Australia. Parts of this area have previously been mapped
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by Cl a r k e , P h il l ip s  and P r id e r  (1951), K a y  (1958), Geological Survey of W.A. 
(1963). The common rocks are acid gneisses containing one or more of hornblende, 
biotite, garnet, magnetite. Hypersthene occurs in basic bands in the north, usually 
associated with clinopyroxene and brown hornblende, but is very rare in the felsic 
rocks where it only occurs associated with more abundant hornblende and/or 
biotite. The metamorphic grade of the area is amphibolite facies in the south and 
hornblende granulite subfacies in the north. There is evidence of retrograde 
metamorphism of some of the rocks of amphibolite facies mineralogy. The general 
chemistry and appearance of the rocks suggest that they were arkoses, made up 
of granitic detritus not subjected to long periods of transport or chemical weathering. 
The rocks are isoclinally folded and bounded to the east by a major fault.
The geology of the southern Eyre Peninsula area of South Australia was described 
by T il l e y  (1921) and J o hns  (1961). As in the Cape Naturaliste area a few hypers­
thene bearing bands occur, but the common mineral assemblages are typical of 
almandine amphibolite facies. The rocks are dominantly metasedimentary. 
Quartzites (some hematitic), dolomites and graphite schists are interfolded with 
coarse augen gneisses, fine grained acid gneisses, and minor mafic bands. 40 samples 
from this area were analyzed.
Several areas in West Australia similar to Cape Naturaliste-Cape Leeuwin and 
Eyre Peninsula have been sampled in less detail. These include the Northampton- 
Geraldton block (about 300 miles north of Perth), Esperance and Albany (on the 
south coast of Western Australia), and York (about 60 miles east of Perth). P r id e r  
(1945) and W il so n  (1959) noted the relatively low pressure mineral cordierite in 
rocks near York. I t  occurs with garnet-biotite-hypersthene, and garnetr-sillimanite. 
A total of 30 samples have been analyzed from these localities. About 40 samples 
from the Kimberley region in the northwest of Western Australia were supplied by 
the Bureau of Mineral Resources, Canberra. A series of younger granites intrude a 
basement of metasediments and comformable granites. The metamorphic grade of the 
basement rocks is that of amphibolite facies. Andalusite and cordierite occur in 
the rocks. Hypersthene is developed locally in mafic bands (B o fin g e r  and 
G em u tz , personal communication, 1965.).
The Bureau of Mineral Resources also supplied about 100 samples of felsic rocks, 
mainly granites, from the southern part of the West Australian shield. Another 
25 samples from this area were collected by us during an east-west traverse from 
Balladonia to York. These samples may be regarded as indicative of the average 
background radioactivity of the large tracks of the shield where greenstones are 
not concentrated.
Fifteen samples of greenstones and associated rocks from the Kalgoorlie area, 
W.A., were supplied by Mr. A. T u r e k  (A.N.U.), and give information about the 
radioactivity of the mafic rocks of the shield.
A n a ly tica l  M eth o d
Th, U and K were determined by gamma ray spectrometry. The method was 
as described by H e ie r  et al. (1965). Results obtained by this method on four 
U.S.G.S. standard rock samples are listed in Table 1.
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Table 1. Results obtained by  gam m a ray  spectrom etry on 
U.S.G.S. s tandard  samples
Th
(ppm)
U
(ppm)
K
(%)
G-2 25-7 2-1 3-71
GSP-1 106-1 1-7 4-60
AGV-1 6-4 1-9 2-43
BCR-1 6-1 1-6 1-39
P r e se n t a t io n  of  D ata
The two recorded terrains of pyroxene granulite subfacies rocks outcropping 
in Australia have been sampled extensively. Lower grade gneisses and granites 
have been collected from various localities. Greenstones and associated rocks have 
been sampled from one locality. The radioactive element abundances in younger 
granites and shales are from previously published data.
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F ig . 2. H istogram  showing K  contents o f rocks analysed. K  expressed as per 
cent. A: alm andine am phibolite facies plus hornblende granulite subfacies; 
G: pyroxene granulite subfacies.
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The data are presented in a series of histograms, Figs. 2-8, and in Tables 2-6. 
The background S-W shield plot includes the samples from the southern part of 
the West Australian shield supplied by the Bureau of Mineral Resources, and the 
samples from this area collected by us, including those from Esperance, Albany 
and York. The rock types analyzed are the principal ones outcropping in this region.
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Fig. 3. H istogram  showing U  contents o f rocks analysed. Symbols as in  Fig. 2.
U  expressed as ppm . Vertical arrow  indicates average value for pyroxene granulite
subfacies rocks.
Subordinate amounts of greenstone occur within the area. The radioactive element 
concentrations in these and associated rocks from the Kalgoorlie area are plotted 
separately in Fig. 8. I t  should be noted that outcrops are sparse in the S-W 
Australian shield, and the principal outcropping rocks may not be representative 
of the area. However, laterite studies and gravity profiles show granitic types to be 
dominant.
Figure 2 shows a wide and similar spread in K content of the rocks in all the 
areas sampled. As far as K content is a guide to rock type this indicates that 
approximately similar rocks outcrop in the various areas. High K values are not 
as frequent in the pyroxene granulite terrains as in the other areas illustrated in
Fig. 2.
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From Figs. 3 and 4 it can be seen that the U and Th contents of the pyroxene 
granulite subfacies rocks are far less than those of the lower grade rocks. Average 
concentrations of U and Th in common surface rocks are given in Table 2. The lower 
grade gneisses and the granites of the West Australian shield have similar Th and 
K contents but lower U content than the granites and shales in Table 2. The mafic 
rocks of all metamorphic grades studied do not have significantly lower U and Th 
contents than basaltic rocks.
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Fig. 4. H istogram  showing T h contents o f rocks analysed. Symbols as in  Fig. 2.
T h  expressed as ppm .
Compared with other regions U and Th are depleted relative to K in the pyroxene 
granulite subfacies areas (Figs. 5 and 6). The secondary peaks at higher ratios in 
the pyroxene granulites represent almost exclusively mafic rocks (amphibolites). 
The common observation in magmatic rocks is that the U/K and Th/K ratios in­
crease with increasing K content of the rocks, H e ie r  and R o g e r s  (1963). This is 
also the general case in shales, P l il e r  and A d a m s  (1962). The pyroxene granulites 
in this respect therefore define a metamorphic trend different from the magmatic 
and sedimentary trends.
Th/U ratios are plotted in Fig. 7. The most obvious feature is the considerable 
spread of the ratios. The amphibolite and hornblende granulite subfacies rocks 
tend to have Th/U ratios above 4 while ratios less than 4 are most common in the 
pyroxene granulite subfacies.
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Fig. 5. H istogram  showing (U/K) x 104 ratios for rocks analysed. Symbols as
in  Fig. 2.
Figure 8 shows the low Th, U and K contents of the greenstones and associated 
rocks from the Kalgoorlie area.
Two features of our data are not illustrated in the histograms, (i) There are no 
apparent differences in the radioactive element contents of the almandine amphi­
bolite facies rocks and the coexisting hornblende granulite facies rocks, (ii) The 
felsic gneisses of these facies have very similar Th, U and K contents to intrusive 
shield granites.
The average concentrations and ratios of the four areas studied in detail are 
summarized in Tables 3-6. I t  should be noted that the averages given are the 
averages of the modal values taken from the histograms. The arithmetic means 
given in brackets are grossly affected by a rather small number of extreme values.
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D i s c u s s i o n
(1) The depletion of Th and U in high grade rocks
The acid and intermediate pyroxene granulite subfacies rocks are depleted in U 
and Th by factors of about 5 and 9 respectively when compared with common 
surface rocks of similar bulk chemical composition. This depletion could result from 
a crust made up of a series of different layers with different chemistries. The low
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Fig. 8. H istogram  showing radioactive elem ent contents and  ratios for greenstones 
an d  associated rocks from  the  Kalgoorlie area.
Table 2. Th, TJ and  K  concentrations in  shales and  some common m agm atic rocks. 
D ata  from  Cla r k , P ete r m a n  and H e ie r  (1966) and  H e ie r  and  R h o d e s  (1966-
N.S.W . granites)
T h
(ppm)
U
(ppm)
K
(%)
“Common shales” 12 ±  1 3-7 ±  0-5 2-7
Mafic igneous rocks m ean 2-7 0-9 0-46 (gabbro)
m edian 1-6 0-5
Diorite and  quartz
diorite m ean 8-5 2-0 1-10 (diorite)
m edian 7-0 1-7
Granodiorite m ean 9-3 2-6 2-55
m edian 9-0 2-3
Silicic igneous rocks
m ean 20 4-7 4-26 (alkali granite)
m edian 16 3-9
74 N.S.W . granites 21 5-8 3-3
elements are not readily accommodated in the newly formed mineral lattices, and 
under certain circumstances these may move upwards with the vapour phase.
The processes of regional metamorphism and magmatism merge at high tem­
peratures. Partial melting begins at upper amphibolite facies conditions. At 
granulite facies conditions more melting may take place and the liquid may migrate
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Table 3. Average concentrations of Th, U  and  K  in 
all rocks o f areas studied  in  detail (Fig. 1). A  =  am phi­
bolite facies and  hornblende granulite subfacies. G =  
pyroxene granulite subfacies. Top num bers are 
averages of m odal values from  histogram s; values in
brackets are arithm etic m eans
Th U K
Grade (ppm) (ppm) %
A 17-5 2-0 3-3
(27-5) (2-5) (3-49)
G 2-0 0-4 2-5
(2-7) (0-5) (2-5)
Table 4. Illu stra ting  th e  depletion o f T h  an d  U  
relative to  K  in  th e  felsic  rocks o f th e  pyroxene 
granulite subfacies
Grade (Th/K) x 104 (U/K) x 104
A 6 0 0-6
G 0-8 0-15
Table 5. Illu stra ting  th a t  T h  and  IT are not depleted
relative to  K in the  mafic rocks of th e  pyroxene
granulite subfacies
Grade (Th/K) x 104 (U/K) x 104
A 4-2 1-0
G 4-0 0-8
Table 6. Average abundances of Th, U  and  K
in th e  greenstones and  associated rocks of the
K algoorlie-N  orseman area
Th U K
(ppm) (ppm) (%)
3 0 0-6 0-7
upward to lower pressure environments. Different degrees of partial melting in the 
crust would add to the general effect of metamorphism and cause the continental 
crust to be progressively depleted in the granitophile elements with depth.
Some elements may migrate upwards before the beginning of melting, whilst 
others are not mobilized on a large scale before melting begins. Our work does not 
indicate for certain how U and Th move upwards. The lower grade rocks have 
similar contents of Th and K to their unmetamorphosed equivalents, and the 
decrease in Th occurs suddenly in the pyroxene granulite facies. The loss of U does 
not strictly parallel that of Th. We mentioned the trend towards high Th/U ratios 
in amphibolite facies. This could be explained by oxidation and leaching of parts 
of the U during the progressive regional metamorphism. However, as is the case
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for Th, the major depletion in U occurs suddenly under pyroxene granulite facies 
conditions.
We showed that the depletion of Th and U in pyroxene granulite subfacies is 
restricted to rocks of felsic composition and is not observed in mafic rocks. Mafic 
rocks should not form significant melting fractions under pyroxene granulite sub­
facies conditions and this could indicate that the depletion of Th and U in felsic 
rocks results from the formation and upward migration of magmas. However, it 
is possible tha t Th and U are present in different minerals in felsic and mafic rocks, 
and tha t the observed trend results from the earlier metamorphic liberation of Th 
and U from more loosely bound sites in the felsic rocks.
{2) Relation between heat flow and surface radioactivity
The average of seven heat flow measurements from the southern half of the 
West Australian shield is 1*0 y  cal/cm2 sec (H ow ard  and Sa ss , 1964); the average 
of 6 measurements from the eastern (younger) belt of the shield is T9 y  cal/cm2 sec 
(H ow ard  and Sa ss , 1964; Sa ss , 1964). Sass (1964) and H y n d m a n  (1966) give 10 
heat flows done in a variety of Palaeozic rocks in Eastern Australia. The values 
range from TO to greater than 2 y  cal/cm2 sec, with an average value near 1-6. 
C la r k  and R in g w o o d  (1964) summarized heat flow measurements from other 
continents and assumed an average of TO y  cal/cm2 sec for old shield areas and T4 
y  cal/cm2 sec for younger belts of the continents. The “average” heat flow from 
continents must be treated with some caution because of their small number and 
frequent location in geologically atypical areas.
Considering the Australian data it appears tha t the high heat flows of the 
Palaeozoic rocks of East Australia and the younger eastern strip of the shield are meas­
ured in rocks of expected high radioactivity (felsic metamorphics, shales, granites 
etc.). This also appears to be the general case in post Archaean rocks of other 
continents, and may suggest a relation between heat flow and surface radioactivity.
In the Tasman geosyncline of East Australia there is probably 80 per cent of 
relatively high radioactive rocks (granites, shales greywackes etc.) and only about 
20 per cent low radioactivity rocks (basalt, orthoquartzite, carbonate etc.). In  
the basement shield of Western Australia there again appears to be roughly 80 
per cent high radioactivity rocks and 20 per cent low radioactivity rocks a t the 
surface. The abundance data presented in this paper indicate tha t the overall 
average Th and K  contents of the surface rocks of the Australian shield should be 
approximately the same as the overall average contents of these elements in the 
surface rocks of Eastern Australia. However the overall average U content of the 
younger rocks is about one and a half times more than tha t of the shield rocks. 
Calculation shows tha t this lower U content should cause the overall surface heat 
production of the shield to be of the order of 25 per cent less than that of Eastern 
Australia. This is a smaller difference than would immediately be expected from 
the large differences in average surface heat flows (about 60 per cent) between the 
two regions. We can offer three possible explanations for the discrepancy:
(1) The heat flow measurements of the shield areas are located in the low radio­
activity rocks of sufficient volume to control the heat flow. These rocks 
are not representative of the average surface shield areas.
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(2) “Tectonic” heat originating from below the crust is added to the heat 
generated by radioactive decay in the younger orogenic regions.
(3) The surface radioactivity of the shield areas is only representative of a very 
thin layer which rests on a crust that has been depleted in Th and U.
We favor the third alternative which is supported by our observation of a sudden 
drop in Th and U concentrations at the PT conditions of the pyroxene granulite 
subfacies. This implies a strong upward concentration of Th and U in the crust. 
It agrees with the accepted geological tenet that shield areas are deeply eroded 
portions of the crust and that increasing grade of regional metamorphism is, in a 
general way, representative of increasingly lower levels of the crust. We are at 
present testing the three possibilities by investigating the concentrations of radio­
active elements in the rocks in the vicinity of various sites where heat flows have 
been measured, and by determining heat flows at selected localities in the shield 
where the average radioactivity over large areas is known.
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